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Abstract 
 
Aerodynamics has a strong influence on the design of a vehicle. Due to an increasing focus on 
producing more environmentally friendly motor vehicles, the motor vehicle’s shape has evolved 
significantly over the last several decades. The primary reason for this is the minimisation of 
aerodynamic drag in order to improve the fuel economy. Observations in vehicle aerodynamics reveal 
that 3% reduction in drag lowers fuel consumption by 1%. As a result the motor vehicle has become 
much more streamlined and narrower at the front, with a more compact engine bay and associated 
packaging issues for the wheel and wheel-house areas. With diminishing oil sources, fuel economy 
and emissions are the focal points driving the reduction in drag coefficients. Hence, fuel economy will 
remain among the top rated criteria for modern vehicles.  
 
Over half the fuel used by modern passenger is wasted in overcoming aerodynamic drag. Despite 
intense research into the flow around the upper part of the vehicle, the drag coefficient has plateaued at 
about 0.3 and further drag reductions will come from the under body including the wheels and 
associated areas. 
 
In general, vehicle components must operate in the presence of the flow disturbances generated by the 
wheels. The wheels, wheel-housings are components which have had insufficient aerodynamic 
consideration although wheels contribute significant disturbance to the airflow around a vehicle. The 
disturbance to the flow includes large scale three dimensional wake structures due to large areas of 
separation and vorticity and flow features further complicated by wheel rotation.  
 
However, research into the effect of wheels and wheel-wells on the aerodynamic forces acting on 
automobiles has been sparse, sometimes contradictory and usually vehicle specific. Generic research 
work into rotating wheels, wheel-wells and moving ground aerodynamics has been limited. The 
simple reason for the negligible work to-date on these areas is the considerable experimental and 
computational complexity involved (e.g. simulation of wheel rotation, moving ground and measuring 
the relevant parameters) and technical difficulties associated with a wheel rotating in contact with 
moving ground plane. Computational Fluid Dynamics (CFD) has not yet reached the level of 
reliability and confidence where it could be used exclusively as a design tool without performing 
validating experiments on scale or full-scale models.  
 
In this work, CFD techniques were used for the parametric study and analysis of wheel-housing 
geometry of a generic test vehicle due to its potential economic and time saving capabilities. However, 
to get benchmarking parameters and flow structures in the RMIT Industrial Wind-Tunnel, which does 
not have a moving ground or facilities to work with conventional rotating wheels, a simple, cost 
effective concept was developed for experimental testing.  
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A double-symmetry method for replicating the moving ground and rotating wheel boundary was 
developed, based on the conventional single symmetry wind-tunnel testing technique. Initial the 
concept was investigated via wind-tunnel experiments and CFD on the well known, vehicle 
representation Ahmed body. Computed values of aerodynamic drag coefficients were in the range of 
the experimental values and also showed the same base pattern for tested case.   
 
Whilst a full car simulation was desirable, a relatively simple two wheeled RMIT body was developed 
by keeping in mind the need to reproduce front and rear wheel effects and aerodynamics of a normal 
four wheeled passenger car. Fabrication costs, testing time and easy of operation are accounted in the 
development of this generic vehicle. The attached wheels in the body were run by electric motors, 
which were inside the test body. 
 
The double-symmetry method was found to be feasible for measuring drag and offer advantages of 
replicating the moving tyre contact patch compared with other moving ground simulations. A grid 
optimised CFD model was able to simulate the flow parameters in a similar manner to the wind-tunnel 
experimental tested RMIT vehicle in double symmetry orientation. Further, it was concluded that the 
double-symmetry concept could provide a solution for some vehicle rotating wheel and moving 
ground problems, with need of only a single split body. It could work with somewhat simple 
measurement mechanisms in any normal wind-tunnel, simulating the moving ground while being able 
to rotate the wheels.  However, It was noted that the main draw back include the transient traverse 
flow across the symmetric plane (simulating the moving ground), the influence of ground boundary 
layer, sealing the gap around the body and the ground) and splitting the test vehicle.  
 
From the benchmarking flow visualisation on the base body, the complexity of flows involved around 
the wheel area for both front and rear wheel portions was confirmed. Parametric tests revealed that 
front wheel-housing is directly affected by the flow impinging onto the wheel and wheel-housing 
where as the rear wheel-housing is mainly sensitive to the changes in wheel-housing geometry.  It was 
found that Cogotti’s (1983), findings to have a smaller wheel-housing to wheel volume ratio was only 
suitable for rear wheel housing, where as front wheel housing defers from his finding. A number of 
parameters were analysed for their individual effects on aerodynamics of total vehicle.  
 
The results indicate that the structure of wheel-housing aerodynamic flows is more complex than 
previously thought. Flow structures of the wheel, wheel-housing and the total vehicles show that both 
front and rear wheel-housing shapes have a significant influence on the aerodynamics of the total 
vehicle. Thus it can have significant impact on vehicle fuel economy and improved road safety. 
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CHAPTER 1 
Introduction 
 
The airflow around a typical vehicle is complicated and a clear understanding of the fluid motion, the 
associated flow properties and the influence of these on vehicle performance is required if the progress 
of vehicle aerodynamic design is to keep up with the advances in materials engineering, 
manufacturing processes and electronic control systems. 
 
In this chapter an overview of vehicle aerodynamics is presented with particular reference to the 
contribution of wheels and wheel-housing geometry. The broad objectives and thesis layout are also 
presented. 
 
1.1 Importance of Vehicle Aerodynamics 
Road vehicle aerodynamics has become an important part of automotive engineering as it influences 
vehicle performance, comfort, safety, stability, cooling and visibility. A moving vehicle displaces the 
surrounding air and creates a resistance force on the vehicle, which is termed aerodynamic drag, and is 
represented dimensionlessly by the drag coefficient. The aerodynamic drag force on a modern car, 
(Volvo, 2002) at 80 km/h constitutes typically 75-80% of the total driving resistance (Hucho 1998). 
 
It is widely understood that the fuel crisis of the 1970s accelerated the need to invest in drag reduction 
technology for aircraft. However, aerodynamic drag has wider significance, since all aerodynamic 
systems require external power to overcome drag forces. Drag coefficient values for a typical personal 
automobile now average 0.33 with ‘low-drag’ designs able to return drag coefficients around 0.25. 
Vehicle aerodynamic studies have revealed that 3% reduction in drag typically lowers fuel 
consumption by 1%. This saving multiplied by the number of road vehicles in the world yields a figure 
>10 billion gallons/year which is sufficient to affect the price of crude oil in the world markets. With 
diminishing fuel sources and other environmental concerns, fuel economy and emissions are the 
central issues driving the reduction in drag coefficients, (Hucho, 1998).  
  
Power to overcome aerodynamic drag is approximately proportional to the cube of vehicle velocity 
whereas losses related to rolling resistance and accessories are nominally directly proportional to the 
vehicle velocity. The power required for a vehicle moving at a constant speed on a level road can be 
expressed as: 
AuxPVRRVFP D ++= .. AuxPVRRCAV D ++= ....2
1 3ρ                         Eqn 1.1     
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where, 
P = power required; FD = aerodynamic drag force on the vehicle; RR = rolling resistance;                  
AuxP = auxiliary power; V= vehicle velocity; ρ = air density; CD = aerodynamic drag coefficient;             
A = projected cross-sectional area. 
 
Fuel Consumption, FC is approximately proportional to the power required, P. Consequently, the 
relationship between changes in fuel consumption and changes in drag may be expressed as, 



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
 ∆
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∆
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=
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D 3η               Eqn 1.2 
 
 
Where, η, property of the driving cycle, η ≈ 0.5-0.7 for a car or truck at highway speeds, (Hucho, 
1998).  
 
Figure 1.1: Comparison of aerodynamic power and rolling power for a typical vehicle. 
 
Figure 1.1 shows the estimated power associated with aerodynamic drag in comparison to the power 
required to overcome rolling resistance and to supply needed auxiliary power, plotted as a function of 
speed. Data used in this prediction are, RR = 0.02, S = 2sq.m, vehicle gross weight = 14700N;  
 
It is evident that a low drag vehicle not only reduces the power requirements at a given speed, but 
alternately can achieve higher speed for the same engine power. Hence to improve fuel consumption, 
the possibilities are to: 
• Make changes in shape to improve aerodynamics; 
• Make the car/truck cross-section smaller; 
• Reduce the vehicle speed – this option is very effective. 
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1.2 Area of Study 
Aerodynamics has a strong influence on the design of a vehicle. In addition to reduction in fuel 
consumption, it can offer more favourable comfort characteristics (reduced mud deposition on body, 
reduced noise and more efficient ventilation and cooling of the passenger compartment) as well as 
improvement in driving characteristics (stability, handling, traffic safety). 
 
 
Figure 1.2: History of drag coefficients for passenger vehicles (Hucho, 1998). 
 
A major objective of aerodynamic design of vehicles is to minimise drag. The most effective approach 
to drag reduction is to concentrate on the components that make up the largest percentage of the 
overall drag. Recent developments in streamlining the external bodies of vehicles, including drag 
reduction attachments for commercial vehicles, have achieved considerable reduction in drag, as 
illustrated by Figure 1.2, an extract from Hucho (1998). 
 
Up to the present time, aerodynamic improvements have been accomplished mainly by improvements 
to the shape of the upper body of the vehicle. For a modern car the basic shape determines 
approximately 45%, wheels and wheel-housing 30%, the floor and detailing for 25% of the drag, 
(based on Carr (1987), Wickern et al (1997), and Mercker et al (1991)). The potential to significantly 
improve the aerodynamics of the upper body, without compromising functionality and maintaining 
acceptable styling is limited.  
 
Consequently the potential for further reduction in drag is through the under body flow, which 
provides the motivation for this research. Additionally, demands for better safety and concern for the 
environment have forced aerodynamicists to look to the vehicle underbody for further potential 
improvements. 
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Figure 1.3: Relative contributions of vehicle sections to the overall drag coefficients for passenger vehicles, 
based on Carr (1987), Wickern et al (1997), and Mercker et al (1991). 
 
A good vehicle design maximises the performance of the vehicle as a package and individual 
components must be designed accordingly. The transmission of disturbances both upstream and 
downstream mean that each component not only governs the flow immediately around it (and 
therefore the forces created on that component), but also the fluid characteristics at all other points in 
the flow and consequently each aerodynamic aspect of each component must be considered in relation 
to those of all other components.  
 
The flow around the rotating wheels in contact with the ground has formed a major area of research 
for both the general vehicle sector and for motor sports because of the substantial influence they have 
on the aerodynamic performance of the vehicle. 
 
The research described in this thesis concentrates on the flow disturbances created by the wheel and 
wheel-housing shapes at the front and rear sides of a vehicle. The area in the region of the front wheels 
is where many significant flow disturbances are created and subsequently transmitted downstream, 
directly influencing the airflow on both sides of the vehicle, on the underbody, towards the rear wheels 
and over the rear of the vehicle. The area in the region of the rear wheels is where many significant 
flow disturbances are created and subsequently transmitted downstream, directly influencing the base 
pressure of the whole vehicle. 
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1.3 Broad Research Objectives 
The wheels are components which have had insufficient aerodynamic consideration although wheels 
contribute significant disturbance to the airflow around a vehicle. The disturbance to the flow includes 
large scale three dimensional wake structures due to large areas of separation and vorticity and flow 
features further complicated by wheel rotation, all of which will be considered in more detail in 
Chapter 2. In general, vehicle components must operate in the presence of the flow disturbances 
generated by the wheels.  
 
Historically, vehicle aerodynamics has focussed on achieving maximum speed, minimising drag and 
on down force control for stability purposes. From a research perspective, the extensive aerodynamic 
interactions described previously and the expectation that the entire surface geometry of a vehicle 
governs the resultant flow field mean that it is usual for this form of analysis to be simplified and 
performed in order to increase the understanding of a problem rather than to enhance the design of a 
particular vehicle. With many designs of vehicle subject to similar aerodynamic considerations 
resulting in similar appearance, it is often assumed that flow fields around them would be similar. 
However, many variations are present which result in significant differences in the general structure of 
the flow field as well as changes to pressure distributions around individual components, resulting in 
the aerodynamic characteristics of the vehicles showing high geometry dependence. The flow 
differences can be ascribed to the different regulations between the formulae and design philosophies 
and to ‘unseen’ differences such as underfloor surfaces. In the areas of front and rear wheels, the most 
significant geometry dependencies are the wheel housing location, front bumper clearance height, 
bonnet height, corner radius, clearance angles and variations of wheel size. It was decided for this 
thesis that an in depth analysis of parametric variations to the wheel and wheel housing shape would 
be a useful addition to general knowledge of vehicle aerodynamics. 
 
The broad research objectives were established to provide a generic understanding of this aspect of 
vehicle aerodynamics so that future studies can use this research to explain flow patterns containing 
wheel housing effects interacting with the specific vehicle geometry. 
 
The broad objectives were: 
• To develop an understanding of the airflow in and around the wheel-housing, representative of 
that of the front and rear wheels of a generic vehicle body; 
• To develop an understanding of how the geometric variations influence the downstream flow 
patterns generated by the wheels and wheel-housing and how this relates to vehicle aerodynamic 
performance. 
 
It is hoped that the outcomes of the work will be useful as design input for the vehicle industry in 
developing more efficient future transportation.  
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1.4 Thesis Outline 
The structure of the thesis is as follows: 
 
Chapter 1: Introduction 
This chapter provides an overview and broad targets for this research. 
 
Chapter 2: Background 
This chapter outlines the background of wheel rotation, wind-tunnel and computational testing; 
previous work on wheel housing cavity flows; reviews the relevant literature and describes the aims 
and scope of this work in more detail. 
 
Chapter 3: Testing Method 
This chapter describes the development of an experimental testing concept to utilise RMIT Industrial 
Wind-Tunnel test facilities and validation of that concept on a well-known test body. 
 
Chapter 4: Benchmarking Tests on a Generic Wheeled Vehicle 
This chapter develops a suitable test body to simulate real flow conditions of both front and rear wheel 
portions of a generic vehicle and presents results from the RMIT test body in a wind tunnel and 
generates benchmark CFD results for further parametric work. This chapter outlines the aerodynamic 
analysis of wheel, wheel-housing geometry for a generic body. 
 
Chapter 5: Front Wheel-Housing Aerodynamics – Parametric Study 
This chapter outlines the geometric parameters involved in wheel-housings and their effects on 
aerodynamic performance on front wheel portions of a typical vehicle. 
 
Chapter 6: Rear Wheel-Housing Aerodynamics – Parametric Study 
This chapter outlines the geometric parameters involved in wheel-housing and their effects on 
aerodynamic performance on rear wheel portions of a typical vehicle. 
 
Chapter 7: Results Summary and Discussion 
This chapter summarises the effects of geometric parameters involved in wheel-housing and their 
effects on aerodynamic performance on front and rear wheel portions of a typical vehicle and further 
discussion of the test results and their relevance to vehicle design and development 
 
Chapter 8: Conclusions and Recommendations 
This chapter contains the major conclusions from this work & recommendations for further work. 
 
Appendices (A to D) are attached at the end of the references and contain additional material in 
support of this work. 
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CHAPTER 2 
Background 
 
In this chapter an overview of moving ground vehicle aerodynamics is presented with particular 
reference to the importance of a moving ground, wheel rotation and wheel-housing effects. The 
chapter concludes with the specific objectives of this study. 
 
2.1 Moving Ground Aerodynamics 
2.1.1 Ground Simulation 
Wind-tunnels, where the air flow around the vehicle is reproduced, play an important role in the 
development of aerodynamic design of vehicles. Most aerodynamic design optimisation, during the 
model phase, is done in wind tunnels.  Wind tunnel facilities are available and widely used in most 
automotive development cycles. However, a simple wind-tunnel cannot always accurately simulate all 
on-road conditions, for example in relation to ground effect, tire rotation, Reynolds number (scale 
corrections), wall interference, and natural variations in ambient conditions. 
 
Most past wind-tunnel experiments on ground vehicle aerodynamics have been performed with non-
rotating wheels. More attention has been focused on the upper body external aerodynamics and much 
of the focus has been on the drag force. As attention is moving to the details of the under body flow, 
cooling flows, and the interplay of internal flows with external flows, provision of wheel rotation is 
becoming more important. The improved simulation of the flow upstream of the front wheels 
improves the flow around the wheels and within the wheel-housings and will lead to a better 
reproduction of the flow around the vehicle. 
 
Summarising from a recent text on “Vehicle Aerodynamics”, Hucho (1998), various techniques are 
available to better simulate the on-road flow situation between the vehicle and ground. The various 
simple techniques for reproducing or simulating the road are compiled from Hucho (1998), shown in            
Figure 2.1. All of these techniques show a compromise between aerodynamic simulation and the 
practical aspects of industrial aerodynamic measurements in wind-tunnels or vehicles. 
 
Testing configuration Comments and relevant drawbacks 
 
A very common wind-tunnel testing technique with body on tunnel floor and wind 
being moved. It does not consider boundary layer growth, moving road effect, 
rotation of wheels and interaction with wheel rotation. 
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Body on tunnel floor with a small V-shaped deflector ahead of the test body. 
 
It does not consider interaction of the deflector, secondary boundary layer growth, 
moving road effect, rotation of wheels and interaction with wheel rotation. 
 
 
Body on secondary ground board. 
 
It does not consider secondary boundary layer growth, moving road effect, 
rotation of wheels and interaction with wheel rotation. 
 
 
Through boundary layer control by suction ahead of the model. 
 
Controlling the suction is difficult and complicated. It does not consider moving 
road effect, rotation of wheels and interaction with wheel rotation. 
 
 
Through boundary layer control by discharge ahead of the model. 
 
Contro1ling the discharge is difficult and complicated. It does not consider 
moving road effect, rotation of wheels and interaction with wheel rotation. 
 
 
Through boundary layer control by distributed suction. 
 
Controlling the suction is difficult and complicated. Further it poses flow 
angularity problem. It does not consider rotation of wheels and interaction with 
wheel rotation. 
 
 
Through boundary layer control by distributed tangential discharge. 
 
Controlling the discharge is difficult and complicated. Further it poses flow 
angularity problem. It does not consider moving road effect, rotation of wheels 
and interaction with wheel rotation. 
 
 
 
 
 
 
The mirror method using an image model of the tested one. Wheels can be rotated 
simultaneously. Time averaged plane of symmetry acts as the moving ground.   
 
However, this technique will not reproduce the effect of any vehicle-induced 
ground boundary layer. The mean flow may or may not be symmetrical, as may 
the time-varying flow (i.e. the flow will be unsteady and crosses the plane of 
symmetry). Two symmetrical models are needed and the wind-tunnel must be 
twice as big for any given geometric blockage ratio. This would require complex 
measurement and support mechanisms. This technique is impractical for full-scale 
road vehicles. 
Figure 2.1: Ground simulation techniques, based on Hucho (1998). 
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Provision of rotating wheels is also a technically complicated and costly addition that has not proved 
necessary for much of the historical progress in ground vehicle aerodynamics. However it becomes a 
necessary element when complete simulation is required.  
 
Many road vehicle wind-tunnels have a fixed ground on which a boundary layer develops (which is 
not the case on-road) and the on-road rotating wheels produce more disturbance to flow around the 
vehicle than the static non rotating wheels (Cogotti, 1983). This is not the case for on-road and many 
attempts to reduce or negate the interference of this tunnel floor boundary layer and providing motion 
to the wheels have been made in the past. It has also been shown that a moving ground (versus a 
stationary floor) influences the air flow around other regions, such as the upper rear area (Bearman et 
al, 1988).  Thus today it is generally accepted that the full potential of wind-tunnel testing cannot be 
achieved without moving ground simulation, as shown by many researchers e.g. Mercker et al (1991) 
and Wiedemann (1996). The impact of wind-tunnel test techniques on vehicle drag results was studied 
by Wickern (1997). 
 
Consequently complex facilities were developed to reproduce wheel motion in wind tunnels in order 
to describe, as accurately as possible, the flow around the wheels. Two schmes have been used for 
full-scale car testing: the first type using a moving belt device as in the DNW Wind-Tunnel (Mercker, 
1991) and the second type with a narrower belt running between the wheels with rollers for driving the 
wheels as in the Pininfarina Wind-Tunnel (Cogotti, 1995).   
 
 
Figure 2.2: A vehicle suspended in wind-tunnel by an overhead sting and supported wheels, wind-tunnel facility 
at DNW. 
 
For complete vehicle testing, the use of the full width moving belt to represent the ground plane and 
various suction and/or blowing techniques to minimise the ground boundary layer has provided the 
closest simulation of the ‘real world’ case. The use of a moving belt brings the requirement to mount 
the vehicle (or scale model) on a sting which contains an internal load balance to measure the 
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aerodynamic loads, as shown in Figure 2.2. Wheel rotation is usually obtained by the contact between 
the wheels and the moving belt. However, if the wheels are mounted to the model, the non-
aerodynamic forces between the belt and the model may introduce errors into the measured loads and 
these errors cannot be isolated from the aerodynamic loads acting on the model. 
 
An alternative is to mount the wheels separately from the body, leaving only the body attached to the 
internal balance. With no physical contact between the body and the wheels, the internal balance is 
isolated from the wheels and measures only the aerodynamic forces acting on the body. The 
aerodynamic loads on the wheels are measured by the use of strain gauges bonded to the struts 
supporting the wheels, as shown in Figure 2.3. This method has been shown to give accurate results 
for drag forces, but much less dependable results for the lift of the rolling wheels, again due to the 
contact with the moving ground. 
 
 
Figure 2.3: Scale model of a vehicle suspended in a wind-tunnel by an overhead sting and supported wheel 
(RUAG Aerospace, Aerodynamic centre). 
 
The Pininfarina wind-tunnel facilities (Figure 2.4) use a narrow belt which passes under the vehicle 
but between the rollers (for rotating wheels). The wheels sit on rollers/mini belts which not only rotate 
the wheels, but by fully restraining the vehicle, transmit the loads to an underground balance, and 
dispense with the need for a sting. This technique provides the majority of the benefits of a full width 
moving ground, but removes the interference effects generated by a sting and allows for aerodynamic 
loading to be more accurately isolated. However, for detailed vehicle studies the lack of ground plane 
movement around the wheel contact patch may cause discrepancies. 
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            Old single moving belt system                                      Latest upgraded three moving belt system 
Figure 2.4: Wind tunnel using belt moving ground and rollers (Pininfarina), described by Cogotti A, (2007). 
 
Ideally a test section with a moving belt and suction/blowing boundary layer technique is capable of 
matching all the on-road properties. However, practical realization of this is far from trivial, mainly 
because of the finite belt dimensions, which affect the quality of the boundary layer. Both methods 
require significant preparation of the test cars, which must be heavily modified. Consequently, this 
type of test cannot be regarded as a routine aspect of the development process of a car.  
 
A disadvantage of these methods of moving ground simulation (moving belts, rotating wheels) is the 
need for a support to restrain the vehicle whilst measuring relatively small aerodynamic forces. 
Hetherington et al (2006) showed that the wake of a supporting strut influenced flows around the 
vehicle backlights, rear wings of race cars and even extended to the vehicle underfloor. In this mode of 
testing, lift force was found to be affected much more than drag force. In order to judge which body 
from development can be carried out satisfactorily in stationary ground facilities and which must be 
performed in Moving Ground and Rotating Wheels (MGRW) facilities, a better understanding of the 
drag mechanisms due to MGRW is an essential prerequisite. 
 
There are now several wind-tunnel facilities around the world for testing passenger cars with and 
without MGRW conditions. It has been shown in several papers (e.g. Carr, (1974, 1988), Bonis et al, 
(1987); Bearman et al, (1988); Borello et al, (1999) etc) that passenger cars tested within such 
facilities tend to show that the drag of a car under MGRW conditions is typically less than the drag of 
a car under stationary ground and stationary wheel conditions. There is therefore drag reduction of 
varying magnitude attributable to MGRW.  
 
Review of more recent published MGRW effects, showed that, for all configurations tested a large 
reduction in drag was measured for rotating wheels. The magnitude of drag reduction depended on the 
particular configuration. The differences in drag reduction due to rotating wheels for some of the 
configurations tested were argued to be due to changes to the wheel upper and lower bound vortices. 
This was supported by force measurements on the sides of the wheels. The wakes surveyed were 
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concentrated in a place behind and to the side of the front wheels. Some surveys were presented in a 
plane behind the rear wheels, but the measurements were limited to the side of the car. 
 
The paper by Wickern (1997) mainly concentrated on the development of the New Audi Aeroacoustic 
wind-tunnel that has MGRW capabilities. More relevant to the current study, the paper also contained 
results for an Audi sports car tested in the new wind-tunnel. In this regard, the MGRW conditions 
were applied in stages. The results indicate that the effect of rotating the front wheels on overall drag 
reduction was relatively small, although large front axle lift changes were apparent. The effect due to 
front wheel rotation was not strongly dependant on rear wheel rotation. Rear wheel rotation was 
responsible for the majority of the drag reduction due to MGRW conditions. The effect due to rear 
wheel rotation was not strongly dependent on front wheel rotation. 
 
Le Good (2004) compared drag measurements between on-road (coast-down tests) and stationary 
ground wind-tunnel (MIRA). Both Sedan and Fastback geometries were tested. The results indicated 
that the drag measured in the MIRA wind tunnel (with area correction) was lower than that for on-
road. This was not significant in itself (due mainly to consideration of tunnel corrections), but the 
difference between on-road and MGRW and wind-tunnel (stationary ground and stationary wheel) 
drag was larger for higher for the higher boot, lid spoilers. This may indicate that any drag reductions 
due to MGRW are smaller with increasing rear spoiler height. The drag differences between on-road 
and wind-tunnel due to systematic changes in rear upperbody shape were lift-related. A smaller rear 
spoiler was required on the road to achieve minimum drag. This spoiler gave a smaller rear axle lift 
reduction. The drag reduction due to underbody panels is dependent upon upper body geometry. A 
larger drag reduction was experienced on-road compared to wind-tunnel. 
 
It is well known that a major drag component of a passenger car is base pressure drag. It is perhaps 
less well known that the wheel and wheelhousing have a major interference effect on the car base 
wake, increasing base drag significantly. A Volvo square-back concept car was tested both as a basic 
body and with wheels and wheel-housings. In this case, the effective drag coefficient increment due to 
addition of wheel and wheelhousing to a basic body was 0.075. The pressure measurements revealed 
that approximately 40% of this drag increase was actually due to reduced pressure over the car base 
region (i.e. increased base drag). This meant that the interference of the wheel and wheel-housing 
wakes on the body base wake was considerable. 
 
Mercker (1991) showed that the effect due to adding wheel and wheelhousing to the basic body was 
approximately 0.075.  As the interference effects between the wheel and wheel-housing and the car 
base wake were so large, that had significantly changed due to MGRW conditions. Tests revealed that 
the base drag reduction due to rear wheel rotation was zero with both sets of covers fitted. This was 
because there were no changes in the wake interference with the base arising from rear wheel rotation. 
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Front wheel-housing drag was found to either reduce or increase with MGRW conditions, depending 
upon the car configuration and the amount and directions of flow into the front wheelhousing (engine 
cooling package airflow, brake cooling airflow, front spoiler interference). The largest single effect 
was thought to come from a change in wheel & wheelhousing wake interference with car base wake 
due to rear wheel rotation. The majority of the drag reduction was found to be a base pressure increase 
resulting in lower drag. The wake behind the mid and upper part of the rear wheel & wheelhousing 
moved strongly inboard with rear rotating wheels The wake behind the lower part of the rear wheel 
was removed and replaced by a strong up wash. Ideally, optimisation of the whole base region, 
including the rear upper body, should be performed under MGRW conditions. 
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2.1.2 Experimental and Computational Flow Analysis  
As the main research objective was to investigate the wheel and wheel-housing aerodynamic effects, it 
was important to have moving ground and rotating wheel effects as close to the real world case as 
possible. However, knowledge and prediction of underbody flow is quite restricted due to the 
complexity of the geometry, which makes wind-tunnel measurements and flow visualisation relatively 
difficult. With this consideration, Computational Fluid Dynamics (CFD) is a very useful tool, since it 
can provide a complete picture of the flow field. 
 
From an experimental point of view, it is very important to conduct underbody flow measurements in 
wind-tunnels equipped with moving ground facilities, in order to properly simulate rotating wheels 
and the relative motion between floor and vehicle. This effect, in principle, can be incorporated in 
CFD simulations but with some additional efforts with relevant boundary conditions or a complex 
moving frame reference method. This ability to handle complex geometries and obtain a complete 
picture of the flow field makes CFD an attractive tool for studying underbody aerodynamics, 
especially during the development stages of new models. 
 
The numerical and modeling errors in computational aerodynamics consist of several components. 
Perzon et al (1998, 1999) had found that the numerical scheme was very important for the base 
pressure. He had shown that the errors were particularly large at the front in the stagnation region and 
in the rear in the base region. It was shown that boundary conditions and mesh resolution affected the 
base pressure.   
 
The effect of the turbulence model on the accuracy of predicted pressure and drag was studied by 
Ramnefors et al (1996). It was shown that mesh quality is important to preserve the order of the 
difference schemes.  
 
The flow in the under body region is complex partly due to the geometry of the under body and partly 
due to the interaction between the vehicle and the ground. Skea et al (1998, 1999 and 2000) reviewed 
methods for investigating under body aerodynamics and explored the possibilities of CFD being a 
useful and valid tool for this type of engineering prediction method for rotating wheels. Casella et al 
(2000) also explored the possibilities of CFD within the field of under body flows. 
 
Simulation of the relative motion between the vehicle and road, in CFD is comparatively easy to 
accommodate (Huminic et al, 2003) and even the rotating of wheels (Huminic et al, 2004). Once the 
equations of the mathematical model have been solved, there is much more information available than 
from a routine experiment. However, the basic problems associated with the use of a CFD code 
include the computational power and run time requirements as well as sometimes a lack of fidelity in 
correctly simulating the real flows.  
                                                                                                                                                                                                                                Satya Prasad Mavuri 
 
------------------------------------------------------------------------------------------------------------------ 
Ph.D. Thesis  15 
While numerical simulation can not entirely replace existing experimental methods, it has a number of 
potential uses and advantages:  
• It reduces the dependence on and cost of wind-tunnel testing. The cost of some of the codes is 
certainly not low, however compared to the cost of a wind tunnel and models it is remarkably 
affordable. Consider a major design change in a project - with CFD the only cost is time, for a 
wind tunnel model it is a longer time and more money to make the new model. Therefore CFD 
allows for a quicker development process; 
• since it provides local values of the flow quantities (e.g. pressure, velocity) throughout the 
flow domain, significantly more information is available;  
• by simple numerical scaling, both wind-tunnel and racetrack scales can be treated;  
• certain aspects can be simulated more easily numerically than experimentally (e.g. cornering 
with front wheels having a non-zero yaw angle, overtaking vehicles); 
• with increasing computer software and hardware capabilities, the turnaround time for 
numerical simulations can be shorter than for wind-tunnel testing.  
 
However, CFD-based predictions are never 100%-reliable, because:  
• the input data may involve too much guess-work or imprecision;  
• the available computer power may be too small for high numerical accuracy;  
• the scientific knowledge base may be inadequate; 
• Problems with the supplied geometry, parameters within the code and the general quality of 
the code can all lead to inaccuracies; 
• An obvious downside is that CFD is just a flow prediction model. As of yet, it is not possible 
to perfectly simulate airflow around a body. These codes support simple models which 
provide close but not exact prediction of the real flow; 
• Experimental validation is still a pre-requisite to advancing most parametric analysis. 
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2.2 Wheel Rotation Effects 
2.2.1 Isolated Wheel 
One of the main features of interest in wind-tunnel wheel modelling is the use of non-deformable 
tyres. With the exception of the new steel-belt and multi-belt rolling road systems, the majority of 
rolling roads do not generally allow the use of a pneumatic tyre that can be deformed to the correct 
shape by the applications of a load through its support strut. Stapleford and Carr (1970) have shown 
that the frictional loads induced by such force application dramatically shorten belt life and can result 
in severe wind-tunnel damage tyre failure occur. To this end non-deformable wheels are commonplace 
in automotive aerodynamic development. However, Fackrell (1974) showed that the flow surrounding 
a wheel is extremely sensitive to tyre profile, especially shoulder profile. A deformed tyre is not axi-
symmetric about its rotational axis. Therefore, any cross-section rotated about this axis to generate a 
non-deformable tyre profile will be inaccurate over some its circumference. An approximation to the 
deformed tyre profile must therefore, be used. 
 
 
Figure 2.5: Wheel alignment possibilities further complicate the airflow in wheel housing region  
(www.carbibles.com/tyre_bible_pg2.html).
 
A further complication arises when wheel support configurations such as wheel camber are 
considered. Here the suspension geometry is altered such that the axis of wheel rotation is at an angle 
above the horizontal (the top of the wheel leans towards the car when viewed from the front). Taking 
an approximate profile of such a tyre that is not only inaccurate over some its circumference but the 
tyre is also conical. The use of a non-deformable wheel with an approximate tyre profile is clearly not 
a faithful representation of the real situation but is unavoidable with most current testing techniques.      
 
The following sections describe aerodynamic effects on an isolated wheel under a variety of 
alignments and situations, when stationary or rotating, when cambered, air impinging head-on or at 
yaw, when the wheel is placed in a wheel-housing cavity, all of which may occur in a typical vehicle. 
Previous researchwork on the effects of wheel-housing geometries, wheel geometry and wind 
deflectors are included. 
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2.2.1.1 Effect of Head-on (Zero Yaw) Wind on Flow around an Isolated Stationary and Rotating 
Wheel 
Prior to full moving ground studies, the importance of rotating the wheels has been recognised in 
obtaining a flow pattern representative of the flow encountered on the track and was one of the first 
moves away from the traditional aerospace style wind-tunnel testing. After observing the significant 
effects of rotating wheels on whole vehicle aerodynamics, the wind-tunnel testing of isolated wheels 
began as an attempt to understand the differences between the results with stationary and rotating 
wheels. Rotating wheels were found to produce more drag than stationary wheels, although reported 
changes in lift varied wildly due to experimental limitations. Later studies assessed how the wheel 
representation affected the resultant flow patterns. It was found that if a gap existed between the 
wheels and ground (which is not sealed) then flow through this gap would greatly reduce lift with only 
a small decrease in drag. Figure 2.6 shows these data for isolated stationary and rotating wheels, with 
CL values with a gap of zero attributed to various ground-to-wheel sealing methods. 
 
 
Figure 2.6: Effects of gap between isolated wheels and ground (Katz, experiment by Cogotti, 1983).
 
With the variations in mounting the wheels and sealing the contact area analysed (in terms of forces 
and the influence on whole vehicle aerodynamics) and more work being done towards moving ground 
simulations, much less work went into wheel aerodynamics. The major contributions have been 
Morelli (1969), Fackrell and Harvey (1973) and Cogotti (1983), all of whom studied the flow patterns, 
pressure distributions, velocities and forces caused by isolated wheels.  
 
Morelli (1969) used the 3m diameter closed working section wind-tunnel of the University of Turin. A 
stationary ground plane was represented by a flat plate mounted parallel to the freestream, into which 
a rectangular recess was cut. A 1960’s racing wheel and tyre of 0.630m diameter was placed, without 
contact, into the recess as an attempt to model the deflection of the wheel on the ground. The 
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driveshaft was connected to a six component balance, which could be yawed along the ground with 
the ground plane. However the lack of any contact between the wheel and ground, make the results 
questionable. The isolated rotating wheel case produced negative lift (i.e. down force) which was 
contrary to the now established idea that positive lift is produced. Other results included a reduction in 
drag of 22% by using faired rims on the centre of the wheel, whilst the wheel drag doubled by 
increasing the yaw angle from zero to twenty degrees. 
 
Carr (1974), in a study of exposed wheels felt that a moving ground surface did not significantly 
improve the simulation, especially if a gap was present between the wheel and ground plane. In this 
study the wheels were rotated by an electric motor housed in the model body and not by the wheels 
being in contact with the moving ground plane. Also, a ground boundary layer was present with the 
stationary ground plane and to a lesser extent with his moving ground. Further, Carr believed that 
adequate simulation could be achieved with a stationary wheel and ground plane with a small gap 
present between the wheel and ground. 
 
Cogotti’s (1983) work at Pinninfarina, included isolated wheels tests, although precise details of the 
experimental configuration used are absent and a stationary ground plane was specified. It is assumed 
that tests for rotating wheels in effective contact with the ground were obtained by sealing between the 
ground and wheel. Pressure tapings in the ground gave the static pressure distribution under the 
rotating wheel for various heights above ground. 
 
 
Figure 2.7:  Static Pressure distribution on a stationary ground beneath isolated rotating and stationary wheels 
(Milliken, experiments by Cogotti, 1983). 
 
Cogotti showed that for any gap between the ground and wheel, large negative pressures are produced 
around the lowest point of the wheel and the pressure further decreased as the gap was reduced. The 
effect of wheel rotation can be seen as a further decrease in pressure which was more apparent at very 
small clearances. With the wheel in contact with the ground, there was a sudden change in the positive 
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pressure in the area in front of the sealed area. This accounted for the increase in lift and drag as the 
flow under the wheel was blocked as observed in Figure 2.7. The magnitude of the positive pressure 
was stated to be dependent on the quality of the seal used, with the better sealing resulting in increased 
pressure. Cogotti also obtained force data for a yawed stationary wheel, a change from 0o to 15o 
resulted in an increase in drag of 10% and an increase in lift of 40%. When considering the flow over 
a wheel, the air flow over the centreline of a stationary wheel appears similar to the 2D flow over a 
cylinder, with the separation point moved back to approximately 30o behind the vertical. This was due 
to 3D flow effects resulting in a lower pressure and reduced adverse pressure gradient behind the 
wheel and possibly additional effects due to a higher Reynolds number for this experiment than for the 
2D case. Effects of wheel width and wheel profile have also been shown to influence the flow. 
 
The work by Fackrell and Harvey still remains one of the most complete and accurate papers on 
isolated wheel aerodynamics. Fackrell and Harvey (1974) studied the pressure distribution on an 
isolated wheel in contact with a stationary and moving ground plane. Figure 2.8 shows the 
experimental approach, utilising a moving ground plane and a support system to maintain accurate 
positioning of the wheel in contact with the ground in order to allow the aerodynamic loads to be 
isolated accurately. Two wheels of differing profile (shoulder radius and total width) both of equal 
diameter were tested. 
 
 
Figure2.8: Fackrell and Harvey’s experimental configuration (Axon, experiment by Fackrell and Harvey, 1974). 
 
 
        Stationary wheel           Rotating wheel  
Figure 2.9: Smoke visualisation of the flow (a), centreline pressure distribution, ReD =5.3x105 (Katz, 2006). 
 
                                                                                                                                                                                                                                Satya Prasad Mavuri 
 
------------------------------------------------------------------------------------------------------------------ 
Ph.D. Thesis  20 
Figure 2.9(a) shows the effect of wheel rotation on the separation point, which moved forwards to 
approximately 25o before the vertical. The effect on the surface pressure distribution is shown in the 
following Figure 2.9(b) and explains the reduction in lift and drag caused by wheel rotation. 
 
With ground and wheel speed matched to the tunnel air velocity, it was found that the upper separation 
point moved forward compared to the stationary case. Further, the coefficient of total pressure (Cp) at 
the point where the wheel and ground first contacted, rose sharply to a value approaching two. For the 
stationary wheel the Cp never rose above one as is to be expected. The authors explained the large Cp 
value for the rotating case by noting that in a small region near the wheel/ground intersection viscous 
forces dominated and a Cp value greater than one was possible. This high pressure region also 
produced a jet emerging from under the wheel.  
 
Further, Fackrell and Harvey (1974) observed that the stationary wheel produced a larger wake region 
near the ground than the rotating wheel. They postulated that for the stationary case the floor boundary 
layer was separating and consequently created a stretched vortex around the wheel. The following 
figure shows the pressure distributions obtained by Fackrell (1974) for two wheels of varying profile. 
 
 
Figure 2.10: Centreline pressure distributions on rotating wheels (Axon, experiment by Fackrell and Harvey, 
1974). 
 
Fackrell’s “wheel1” had slightly greater width/diameter ratio than wheel2 and also had a more 
rounded shoulder profile. It can be seen that the effects of these variables varied with magnitude of the 
pressure behind and above the wheel, but the form of distribution remained similar. Figure 2.10 also 
shows that the peak pressure produced at the contact patch exceeded unity and could exceed two 
depending upon the effective sealing of the flow and the width of the wheel. Fackrell postulated that 
air was drawn into this region due to the non-slip condition on both the ground and wheel surfaces. 
Figure 2.11 
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Figure 2.11:  The characteristics of flow around an isolated rotating wheel as postulated by Fackrell (Axon, 
experiment by Fackrell and Harvey, 1974). 
 
The pumping action of the moving surfaces and the squeezing action of the flow were thought to result 
in pumping and viscous effects increasing the energy contained within the air and therefore resulting 
in pressure coefficients greater than unity. This high pressure region would result in a large pressure 
force acting on the flow. In the 2D case, this flow was shown to exhibit a permanent recirculation area 
in front of the wheel, deflecting the flow approaching the wheel. However, the high pressure in the 3D 
case with finite wheel width resulted in a large acceleration of the flow laterally either side of the 
wheel centreline. The flow was constrained from moving upwards and over the wheel due to the 
stagnant region on the front surface of the wheel. These lateral ‘jets’ were then caught by the 
freestream and passed down either side of the wheel. 
 
Figure 2.11 also shows the prediction of separation on the upper surface of the wheel. As the surface 
of the wheel was moving in the opposite direction to the freestream, an iso-surface zero velocity 
existed in the boundary layer. If this iso-surface was considered as a stationary surface in the flow, 
then separation would occur on that surface in the usual manner. Fackrell’s data shows that the 
separation as visualised in Figure 2.8 occurred in a favourable gradient as shown in Figure 2.10 
 
The data contained in the total head wake plots allowed Fackrell and later Cogotti to provide theories 
for the characteristics of the wake structure behind an isolated wheel. Figure 2.12 shows the 90% total 
head contours obtained by Fackrell as described previously on four planes perpendicular to the free 
stream.  
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Figure 2.12:  The wake behind isolated rotating wheels and stationary wheels (Axon, experiment by Fackrell 
and Harvey, 1974). 
 
The bulges near to the ground showed the presence of a vortex shed from either side of the front 
wheel, where local vorticity created in the flow by the movement around the base of the wheel had 
pooled and formed a stable vortex core. Mercker and Berneburg (1992) had obtained data which 
provided insight into the wake structure behind stationary and rotating wheels in a free stream and 
based on these findings, observations and vortex theory, postulated the vortices produced by a rotating 
wheel on the ground as shown in Figure 2.13 
 
Figure 2.13:  Vortex formation at the rear of a stationary wheel off ground, as seen from behind, sharp edge 
shoulders, (a) and rounded shoulders (b) (Mercker et al, 1992). 
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Cogotti (1983) noted that the flows from the upper, lower and side surfaces of the free stationary 
wheel were drawn towards the low pressure centre of the wake immediately behind the wheel. Upon 
separation, these flows combined to form vortices from each corner of the wheel viewed from the 
front profile. For the free rotating wheel, Cogotti (1983) concentrated on the influence of the no slip 
condition on the rotating sides of the wheel, each forming a vortex that was caught by the freestream 
and transmitted downstream. The rotating wheel on the ground was thought to show a combination of 
the previous two cases, although the vortices closest to the ground were thought to be much weaker 
and were not shown to form by the sides of the wheel as Fackrell’s (1973) wake plots showed. These 
discrepancies imply that the suggested flow patterns remain theoretical and it will require data being 
published which utilises modern flow visualisation techniques before the true flow patterns are 
available. 
 
 
Figure 2.14: Wake patterns behind isolated rotating and stationary wheels in free stream and an isolated 
rotating wheel on ground (Milliken, experiment by Cogotti, 1983). 
 
Considering these experiments, it is clear that the experimental configuration of wheel tests can 
significantly influence the flow patterns and resultant measurements. Ground plane simulation, wheel 
mounting arrangements and sealing methods remain problematic for both whole vehicle and isolated 
wheel investigation. 
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2.2.1.2 Effect of Yaw Angle of the Flow around an Isolated Rotating Wheel 
On practical car forms, the flows relative to the front wheels are influenced by the car body in that 
they are not aligned with the wheel direction. Wheels, which may be considered very low aspect ratio 
cylinders will experience large drag increases with even small amounts of yaw. The front wheels are 
often in yawed flow (Scribor-Ryiski A J, 1987), of 10 to 20 degrees (Hucho, 1998). The yawed flow is 
generally considered to be caused by the lateral suction zone created by the front of the body (Hucho, 
1998) but the blockage of the wheel itself may have an effect. 
 
Wray (2003) has done a yaw flow analysis for a rotating wheel using CFD. He analysed an isolated 
rotating wheel in contact with a moving ground plane.  
 
 
a 
 
b 
Figure 2.15: Path lines showing the wake created by rotating wheel at zero degrees yaw (a) and 20o yaw (b), 
coloured by particle ID, (Wray, 2003). 
 
 
 
  
Figure 2.16: Contours of total pressure by rotating wheel at zero degrees yaw (a) and 20o yaw (b), (side of 
wheel shown is that turned away from the flow) (Wray, 2003). 
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Figure 2.17: Effect of yaw angles on force moments noted in CFD (Wray, 2003). 
 
He has shown that yaw angles had a large impact on the flow structures both locally within the wake 
and those transmitted downstream and the effects gradually increased with increasing yaw angle. 
Observations proved that there was an increase in the size of the separated flow region on the side of 
the wheel turned away from the flow (termed the unfavourable side). This was expected, as traversing 
the shoulder radius would require the flow to turn through a larger angle if it was to stay attached. 
Also, an unfavourable pressure gradient existed on this side of the wheel and resulted in flow 
separation at low yaw angles. The resultant increase in wake size therefore can be explained by the 
increase in frontal area. 
 
                                                                                                                                                                                                                                Satya Prasad Mavuri 
 
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Ph.D. Thesis                                                                                                                                                                                                         26 
2.2.1.3 Effect of Head-on (Zero Yaw) Wind on the Flow around an Isolated Rotating Cambered 
Wheel 
Vehicle wheels are often cambered for vehicle handling purposes and therefore it is useful to consider 
the effect of camber (Figure 2.4, 2.18) on the aerodynamic loads as well. Knowles et al (2002) 
presented the results of an investigation of the near wake of isolated, cambered and un-cambered 40% 
scale non-deformable Champ car wheels rotating in ground contact. Three dimensional velocity 
measurements were made in their near wakes. Inspection of the derived velocity contours, vectors and 
vorticity contours, suggested that several of the theoretical vortical structures were suppressed by 
‘real’ wheel geometry and the presence of the support sting. Drag force measurements were made, 
with the load cell attached onto the support sting, revealing the cambered wheel to have a 12% higher 
drag coefficient than the un-cambered equivalent.  
 
 
Figure 2.18: Comparison of parallel and cambered wheels. 
 
 
Two 40% scale (263mm diameter) non-deformable tyre and hub assemblies (one with 4o camber) were 
investigated in this study. The wheels were held in position by one of the support stings used in model 
car testing. Testing was carried out in the Shrivenham 1.52 x 1.14m wind-tunnel with moving ground 
facility. All testing was carried out at 20m/s, yielding a Reynolds number of 3.69x105 based on wheel 
diameter. A comparison of flow structures is given in Figure 2.19. 
 
The results of this study suggested that the vortex structure surrounding an isolated wheel rotating in 
ground contact differed from the theoretical proposal in that the vortex shed from the hub, on the side 
of the support strut, was suppressed. The vortices shed from the hub on the opposite side of the 
support strut were suppressed by the upper tyre shoulder of that side by entrainment of flow from 
inside the wheel hub. The jetting vortices emanating from in front of the tyre contact patch had lower 
vorticity than those from the upper tyre shoulder. 
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(a) In plane velocity vectors 
 
 
(b) Contours of vorticity about the streamwise axis (1/s) 
 
 
(c) Contours of U velocity (m/s) 
Figure 2.19: Effects of camber angle on aerodynamic loads over a rotating wheel (Knowles et al, 2002). 
 
Even though, these points apply to both the parallel and cambered wheels, the results of the cambered 
wheels generally showed more defined, higher intensity vortex structures. Correspondingly, the 
cambered wheel was found to have approximately a 12% higher drag coefficient than a parallel wheel, 
based on respective frontal areas. The vortices persisted to 100mm downstream of the wheel. A region 
of reversed flow was noted downstream of the parallel wheel. This area was concentrated, or skewed, 
towards the lower left shoulder of the projected wheel profile. The region was more pronounced in the 
cambered wheel results and extended outside the projected area of the wheel into the freestream.  
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2.2.1.4 Effect of Wheel Tread on Flow around on an Isolated Rotating Wheel 
Fackrell et al (1974) showed that the only difference between the pressure distributions on solid slick 
and grooved tyres occurred near the ground. High pressure was observed on a slick tyre near the 
contact patch, resulting from the jetting effect (the continuous line in Figure 2.20) and converted to a 
large negative pressure (the dashed line corresponds to a pressure transducer sensor installed inside a 
groove). The jetting effect disappeared only inside the grooves and was still observed on the “highest 
points” of the wheel.  
 
 
Figure 2.20: Centreline Cp distribution for solid rotating isolated slick and grooved tyres (Fakrell et al, 1974). 
 
 
The experimental work of Mears et al, 2002, also revealed a negative peak for Cp, shown in Figure 
2.21, just after the contact patch of a deformable go-kart front wheel, although its tread was flat. 
 
 
Figure 2.21: Centreline Cp distribution for a slick go-kart tyre (Mears et al, 2002). 
 
 
Investigations by Dimitriou I. et al (2006) showed that Cp distribution at the tread’s geometric centre 
was as shown below (point A of contact patch section shown in Figure 2.22). The Cp did not reach the 
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obvious value of 1.0 at the centreline but at a location slightly apart from it and a few degrees below 
0o. Nearer to the contact patch, the Cp value did not exceed 1 due to suppressed “wheel-jetting”. In 
addition a strong negative peak existed near the contact point (Cp_min = -1). The region of almost 
constant base pressure ended at approximately 290o, which was interpreted as the point where 
separation occurred. 
 
 
 
 
 
Figure 2.22: Centreline Cp distribution for an isolated rotating wheel (Ioannis et al, 2006). 
 
These results are in accordance with Fackrell & Harvey’s (1974) work except for the negative peak, 
which was not observed by them, and show that the main difference between slick and grooved tyres 
is not the negative pressure peak, but the wheel jetting. The acceleration of the flow in the grooves 
creates an under-pressure, which suppresses the jetting effect. This suction also accelerates the flow on 
the highest points of the wheel suppressing the jetting phenomenon there as well.  
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2.2.2 Wheel Rotating in Wheel-Housing Cavity – for Simplified Bodies 
The published data on the aerodynamics of wheels within wheelhouse cavities has been limited. 
Oswald and Browne (1981) investigated the flow field around an operating road tire as part of a study 
on tire power loss. A tuft grid was installed around the tire on a full size car and the tufts were 
observed while the car was operating at various speeds on road. The general description of the flow 
direction was found to be independent of the vehicle velocity over the range of speeds tested. Oswald 
and Browne constructed a composite sketch of the flow field around a tire (Figure 2.23). 
 
 
Figure 2.23: The flow direction around a shrouded wheel (Oswald and Browne, 1981). 
 
Generally, wind-tunnel studies have used a simplified wheelhouse cavity within a low drag body.  
Cogotti (1983), reported on a number of investigations involving wheels, wheel-wells and complete 
vehicle models. For this investigation, the radius, or height, and the depth of the wheel housing were 
varied while the position and size of the wheel remained constant. The wheels and wheel housings 
were installed in a ‘drop-shaped body’ having a low drag coefficient. The wheels were rotated by an 
internal electric motor but were not sealed to the ground and the ground was stationary.  
 
Figure 2.24: Effect of housing volume (VH) on drag and lift of an enclosed wheel, volume of wheel (VW)  
(Continued) 
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Figure 2.24: Effect of housing volume (VH) on drag and lift of an enclosed wheel, volume of wheel (VW)  
(Cogotti, 1983). 
 
The results showed that drag and lift increased as wheel housing radius or depth increased. The 
increase in lift and drag became more evident when related to increasing wheel housing volume. From 
these results, Cogotti concluded that to reduce the drag and lift of the wheels and wheel housings the 
wheel housing volume must be kept as small as possible.  
 
Fabijanic (1996) investigated the effects of various wheelhouse parameters on the flow around a 
shrouded wheel. The tests were conducted in the Cornell University Upson Low Noise Wind Tunnel, 
equipped with 1.1 x 0.45m flat belt moving ground plane. The wheels were mounted in an ‘off-mode’ 
configuration shown in Figure 2.25.  One of the wheel struts was equipped with strain gauges to 
measure lift and drag forces on the wheel independently. The model body was mounted to the wind-
tunnel force balance strut assembly.  
 
 
 
 
 
Figure 2.25: Test body with double wheels and test set up (Fabijanic, 1996). 
 
Extensive flow visualisation highlighted that the flow was highly unsteady, especially in a triangular 
region just down stream of the wheel arch opening. From the flow visualisation studies, it was evident 
that the lateral low pressure zone created by the air around the corner of the vehicle was a primary 
cause of the yawed flow at the front wheels of a vehicle.  
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Figure 2.26: General surface flow in and around the wheel-well (Fabijanic, 1996). 
 
Surface pressure coefficients measured inside the wheelhouse were typically small and negative. Mean 
pressure measurements inside and around the wheel-well showed that that the jetting from the front of 
the wheels was primarily responsible for the interference with the under body flow which resulted in 
increased lift. Body drag was found to be dependent on the wheelhouse radius and body lift on the 
wheelhouse depth. It was found that, with increased radius of the wheel-well, the drag of body also 
increased. 
 
The lift increase due to the addition of wheels and wheel-wells was largely a result of the interference 
with the underbody flow created by the jetting from the front of the wheel at the ground. The lift 
produced by the addition of wheel and wheel-well was reduced as the wheel-well depth was increased. 
The deeper wheel-well allowed the jet to flow up into the well instead of creating interference in the 
underbody flow which would be felt far downstream. The lift decreased from a maximum for very 
shallow wheel-wells to a minimum and then increased again as the wheel-well depth was increased 
further. As the wheel-well depth became greater than the minimum lift depth the effect of wheel-well 
as an open cavity on the downstream flow began to predominate. For both lift and drag the wheel 
forces were essentially constant while the variation in forces with changing wheel-well parameters 
was produced by the body. 
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A moving ground and wheel rotation was required to accurately determine the effects of varying 
wheel and wheel-well parameters. The lift on the vehicle was greatly affected by the jetting produced 
by the wheel and ground contact point. This jetting was not produced by a stationary ground and 
wheel. Other studies showed that the stationary ground and wheel case had a larger disturbed area of 
flow than that produced by a rotating wheel on a moving ground. 
 
A number of studies have looked at total head measurements behind wheels within wheelhouse 
cavities, e.g. Hackett (1987) and Mercker (1991). The large regions of low total pressure next to the 
ground plane, when it and the wheel are fixed, were found to be much reduced when the ground plane 
was moving and the wheel rotating.  
 
Axon and Garry (1999) have investigated the influence of moving and stationary ground conditions on 
the flow around a single wheel located within a wheel housing cavity (a shroud representing a single 
house cavity, here onwords, this model will be referenced as MIRA body).  They considered both a 
stationary wheel on a fixed ground and a rotating wheel on a moving ground, both in experiments and 
CFD analysis. Extensive comparisons with the results of wind-tunnel investigations were made based 
on the three force coefficients and pressures on the internal faces of the cavity. Comparison with the 
experimental results gave encouraging agreement with the CFD.  
 
 
 
Figure 2.27: MIRA Test body with Single Wheel and test setup in wind-tunnel (Axon et al, 1999). 
 
It was found that the rotating wheel produced more drag than the stationary wheel whilst shroud drag 
decreased when the ground plane was moving compared to when it was stationary. It was shown that 
CFD can give reasonable qualitative results for the flow around a wheel located within a wheel-house 
cavity for both fixed and moving ground plane conditions. A wheel located within a wheelhouse 
cavity produces more drag when it is rotating on a moving ground plane compared to when it is fixed 
on a stationary ground plane. This is the opposite effect to when the wheel is isolated. Surface pressure 
coefficients on top of the wheel seem to be more influenced by wheel house cavity geometry rather 
than the rotational condition of the wheel. Fackrell’s ‘jetting’ phenomenon is shown to be independent 
of wheel geometry.  
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2.3 Vehicle Wheel and Wheel-Housing Aerodynamic Effects 
2.3.1. Passenger Car - Wheel and Wheel-Housing Geometric Effects 
The importance of aerodynamic characteristics of car wheels has been noticed long ago. Hoerner, 
1958, discussed the under body as the biggest single avoidable aerodynamic drag component and gave 
an example where the drag coefficient went from 0.3 for a smooth under body to 0.6 for an open and 
rough underbody as in a typical car. A half-faired car-body gave, CD = 0.5, from that study. 
Furthermore, a pair of wheels with openings increased the drag by approximately 0.08 for both front 
and rear pairs of wheel and wheel openings. Streamlining of the under body decreased the CD by 
approximately 0.17. 
 
Carr (1983) estimated that wheels and wheel-wells when added to a basic body would produce an 
increase in drag coefficient of 0.070 to 0.090 and lift coefficient of 0.230 to 0.580. The increase in 
drag and changes in lift were primarily due to the interaction of the interference produced by the wheel 
and wheel-well with the basic body flow. 
 
Cogotti (1983) reported on a study conducted on the effect of increasing tire width on drag and lift in 
an experiment conducted on an average sized car and on a 2.0 litre saloon. The floor and wheels were 
stationary and all wheel sizes were centred in the well. Drag and lift were found to increase with 
increasing wheel width but not linearly and some of the wider wheels were found to have lower drag 
than narrower wheels. These non-linearities gave an indication that the positioning of the wheels in the 
wheel-well important. 
 
The underbody is partially designed to control the lift acting on vehicles as well as minimise the drag 
force. Air dams at the front and diffusers at the rear of the body act to reduce the aerodynamic lift. The 
lateral suction zone at the front of the vehicle contributes to the spreading of the airflow under the 
vehicle and causes the localised yaw angle on to the front wheels to be 10o to 20o  (Scribor-Ryiski AJ, 
(1987); Hucho (1998)).  The yawed flow is generally considered to be caused by the lateral suction 
zone created by the front of the body but the blockage of the wheel itself may have an effect. 
 
Hackett (1987) also observed the differences in the wake of the complete body with and without a 
moving ground plane and/or rotating wheels. From wake surveys on complete vehicle models, 
secondary total pressure deficit regions (side lobes) in addition to the main deficit regions associated 
with the primary trailing vortex pair were observed on each side of the car. With a moving ground the 
side lobes disappeared.  Similar behaviour near the wheels was observed by wake surveys conducted 
closer to the rear the model. Most of the tightening of the wake was found to be produced by the 
addition of the moving ground, whether the wheels were rolling or not, indicating that the primary 
vortex pair and the vortex pair were produced by the wheel/ground interface. A weak vortex pair 
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corresponding to a ‘telephone-pole vortex’ producing an upload on the wheel was correlated with the 
high pressure region and jetting at the wheel/ground interface as observed by Fackrell and Harvey. 
 
The significance of the wheel contribution has been demonstrated with the results of a few basic 
experiments that were conducted by Pfadenhauer et al (1996). They measured a production vehicle 
with covered wheel-wells and thus deduced the percentage influence of the wheels and wheel-wells on 
the aerodynamic drag. It was determined that approximately 33% of the overall aerodynamic drag of 
the vehicle was attributed to wheels and wheel-housings, but in a configuration with a smooth under 
body. This experiment was repeated by Audi with a production car (Audi A3). The results showed the 
wheels exert a considerable influence on overall drag, with drag being distributed almost uniformly 
between the front and rear wheels. 
 
 
Figure 2.28: Influence of wheel and wheel arches measured by Pfadenhauer et al (1996). 
 
It was found that the proportion accounted for by the open wheel arches is distinctly smaller than the 
proportion from that part which was not covered by the body. This result was also obtained by 
Mercker et al (1989). If the effects at the front and rear are compared, sealing of the wheel arches at 
the front is much more effective than at the rear.  
 
The results of their experiment can be summed up as: 
i) The contribution of the wheels and wheel-housings to the total drag of a production vehicle can 
easily amount to 25%. The cause of this high figure is unfavourable shape of the wheels when 
exposed to the airflow. 
ii) Optimisation of wheel-housings and wheels must be given similar importance to improving the 
underbody of the vehicle, since considerable potential is available with both the absolute value and 
the aerodynamic quality of air flow. 
                                                                                                                                                                                                                                Satya Prasad Mavuri 
 
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Ph.D. Thesis                                                                                                                                                                                                         36 
iii)   Accordingly, simulating the rotation of the wheels must be given the same priority as simulating 
the movement of ground surface beneath the vehicle.  
 
Wiedemann (1996) mainly investigated the flow angle ahead of the front wheels and the total pressure 
wake measurements in a plane behind the front wheels. A compact touring car was tested in DNW 
LLF wind-tunnel. He showed that the front wheel flow angle and total pressure deficit in the plane 
behind the front wheel were related to the drag reduction due to MGRW and there was significant 
interaction between the cooling airflow and local front wheel drag. The interactions can be 
significantly different under MGRW conditions. 
 
Wickern (1997) worked on the influence of rotating wheels on aerodynamic drag and showed that the 
contribution from wheels and wheel-housings to the total drag at MGRW conditions can be 25%, with 
the wheels contributing the most and a correct simulation of tyre contact patches was not important for 
drag measurements on stationary or rotating wheels which contradicts studies shown by Fackrell 
(1972) that the flow surrounding a wheel was extremely sensitive to tyre profile.  
 
Fabijanic (1996) has conducted experimental investigation into vehicle wheel housings (Figure 2.28). 
From his flow studies, it was evident that the lateral low pressure zone created by the air moving 
around the corner of the vehicle was a primary cause of yawed flow at the front of the vehicle. The 
design practice of moving the wheels as close as possible to the four corners of the vehicle to 
maximise features such as interior space created yawed flow at the front wheels and therefore 
increased the drag. The inner wheel housing flow was fed primarily from the under body region 
directly in front of the wheel driven by the high pressure area created by the wheel.  Mean pressure 
measurements inside and around the wheel housing showed that the jetting from the front of the wheel 
was primarily responsible for the interference with the under body flow which resulted in increased 
lift. The addition of wheel and wheel housings to a basic body increased lift and drag significantly. 
The lift coefficient was observed to increase by 0.039 to 0.113 and the drag coefficient was observed 
to increase by 0.075 to 0.125. The variation in lift and drag with wheel housing parameters showed the 
importance of the wheel housing design on the final drag and lift characteristics of a vehicle. The drag 
increase, due to addition of wheels and wheel housings, was largely dependent on the radius/height of 
the wheel housing indicating that the drag was greatly affected by the size of the unsteady region 
downstream of the wheel housing. As the radius of the wheel housing increased so did the drag. The 
lift increase due to the addition of wheels and wheel housings was largely a result of the interference 
with the under body flow created by the jetting from the front of the wheel at the ground. The lift 
produced by the addition of wheel housing depth was increased. The deeper wheel housing allowed 
the jet to flow up into the well instead of creating interference in the under body flow which would be 
felt far down stream. The lift decreased from a maximum for very shallow wheel housings to a 
minimum and then increased again as the wheel housing depth was increased further.  
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Further to the work mentioned in previous section, Cogotti (1998) made an excellent study on how 
ground simulation affected aerodynamic properties for a simple car geometry. It was concluded that 
drag is mainly improved by reducing the ground clearance and wheel housing size, or by increasing 
the track.  
 
Apsley and Aroussi (2003) have performed CFD study into the airflow in and around the wheel arch 
of a geometrically faithful model of an Aston Martin Car. Figure 2.29 shows the test model. A velocity 
vector plot of the full symmetrical model including wheel, arch and vehicle body and more detailed 
analysis of the wheel arch surfaces has uncovered extremely complex flow regimes within the annular 
gap, comprising of 4 or more separate vortices are shown in Figure 2.30.  
 
 
 
 
 
Figure 2.29:  Test model used for numerical simulations by Apsley et al (2003). 
 
 
        
Figure 2.30:  Complex turbulent flow at internal surfaces of the wheel arch (Apsley et al, 2003). 
 
Figure 2.31 shows results for the vertical insertion of the wheel into the wheel arch volume. In each 
case, the wheel remained in ground contact and the car was effectively lowered from 0% insertion 
with no volumetric overlap, to 100% insertion with the wheel placed centrally in the arch. The drag 
and lift forces exerted on the wheel decreased as the wheel became shrouded by the bodywork and the 
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arch, while the arch stopped generating down force as the wheel was inserted into it. The arch had a 
minimum drag coefficient of 0.5 at 50% insertion.  
 
 
 
Figure 2.31:  Effects of vertical insertion of wheel into the wheel arch (Apsley et al, 2003). 
 
Figure 2.32 shows data gathered for the horizontal insertion of the wheel into the wheel arch volume. 
The car remained stationary in the simulated domain to maintain its line of symmetry with the wall, 
while the wheel was moved into and outboard of the wheel arch in 50 mm steps. The arch surfaces 
collectively generated a down force when the wheel was moved from its central location, effectively 
emptying the wheel arch cavity, demonstrating that a simple cavity on the underside of the car will 
produce down-force. Wheel lift and arch drag coefficients appeared closely tied in an opposing 
relationship, fluctuating in opposite directions at a coefficient of approximately 0.5. The drag force 
exerted on the wheel rose by 180%, on moving outboard of the arch. They considered that this figure 
would have been significantly less had a more simplified geometry been used because air diverted by 
the front end of the car impinged directly on the wheel in its outboard position, causing the high drag 
forces.  
 
 
 
 
 
Figure 2.32:  Effects of horizontal insertion of wheel into the wheel arch (Apsley et al, 2003). 
 
Figure 2.33 shows their results from the yaw angle models. The car and arch were rotated by 45o in 
either direction leaving the wheel in line with the tunnel and bypass airflow, as would be the localised 
situation under cornering. In each case, with the exception of yaw models, the drag and lift 
coefficients have never exceeded the range -0.5 and +2 and wheel drag has always featured as the 
most prevalent of the four coefficients. In the yaw cases however, the coefficients ranged as far as -2 
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to +6 and arch lift force become the most significant. The arch generated lift on the left arch when 
steering left and conversely, down-force on the left arch when steering right. They considered that this 
worsens the already adverse roll situation experienced during cornering and may also significantly de-
stable the vehicle. 
 
 
 
Figure 2.33:  Effects of steering yaw movement of wheel into the wheel arch (Apsley et al, 2003). 
 
The influence of an enclosed wheel was studied by Dimitriou I. et al (2006) with the help of a half 
scale BMW Z4 model vehicle. Tests were conducted with rotating wheels and a moving ground wind-
tunnel. Tests were mainly focussed on the pressure distribution on the wheels without and with the 
enclosed body. The wheel inside the wheelhouse had a drag reduction of approximately 50% 
compared to the isolated case. In front of the wheel, the pressure level was significantly reduced. The 
maximum Cp value in the tyre did not reach 1 since it is almost covered. Moreover, the minimum Cp 
value observed at 90o was smaller than the negative peaks detected during the open wheel 
investigation (Cp_min = -0.5).  
 
 
Figure 2.34:  Centreline Cp distribution – enclosed wheel investigation (Dimitriou et al, 2006). 
 
 
Figure 2.35:  Vortex formation below the wheel’s rearmost point (Dimitriou et al, 2006). 
180 
0 
270 
90 
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This was the consequence of the diverged flow stream that occurs near the front wheels and between 
the car’s underbody and the moving belt. This flow topology implied that the incoming flow in front 
of the wheel was more angular with an upward direction, Hucho (1998). In turn, less airflow was 
allowed under the wheel, thus reduction in suction was caused by the air acceleration. Also, in the 
second quadrant, at about 150o, a second negative peak was observed. A suction area occurred at this 
location, due to a vortex formation having its core parallel to the Y-axis. With the aid of the following 
figure, it was attempted to elucidate the creation process of this ‘aft-wheel’ vortex. The oblique flow 
entering the wheelhouse was released at the back of the tyre, across and beneath the body panel of the 
car. At the same time, the no-slip condition on the tyre made the airflow t follow its surface. The end 
result is the generation of a shear flow rolling up into a vortex rotating opposite to the wheel.  Figure 
2.35 showed CFD simulation, demonstrating how the flow streamlines were rolled up to form the aft-
wheel vortex. 
 
The pressure was considerably increased in the second and third quadrants as shown in the figure. 
From about 180o, moving anticlockwise, the pressure coefficient increased drastically and took some 
positive values. No suction was observed at the top of the wheel mainly because the flow could not 
accelerate as it could do in the isolated case. A very interesting feature was the pressure peak that 
existed at 200o. This local maximum was once more a result of the oblique flow described. Thus, air 
would be trapped in the wheelhouse region at close to 200o, making the pressure there somewhat 
higher. This high pressure in the wheelhouse was reflected on the tyre as well. It was found that a 
down force is calculated from the pressure distribution in contrast to a positive lift of the isolated 
wheel.  The high pressure inside the wheel sidewalls and rim areas created a much higher side force as 
compared to an isolated case. It was noted that the magnitude of the side-force was 36% greater than 
the drag force. 
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2.3.2 Passenger Car - Wind Deflector Effects 
 
Figure 2.36: Test model used for front spoiler lip effects by Sebben (2001). 
 
Wind deflectors on wheels are known to reduce the drag contributions of the front and rear wheels, 
suspension and the underbody. CFD numerical simulations of car underbody with particular emphasis 
on the effects of wheel deflectors were performed by Sebben, (2001, 2004). A front spoiler lip 
configuration as shown in Figure 2.36 was found effective in reducing the wheel drag as well as the 
improving exterior aerodynamic flows, resulting in 5% less overall drag of the vehicle, Sebben (2001). 
 
In another study, Sebben (2004) compared the effects of various front wheel wind deflectors of 
various size and their locations on the overall vehicle darg. 
 
 
(a)  (b) 
Figure 2.37:  Configurations computed by Sebben, base–model (a), with deflector (b) (Sebben, 2004). 
 
 
 
FRONT WHEELS 
 
(a)                                     (b) 
REAR WHEELS 
 
(a)                                     (b) 
Figure 2.38:  Pressure distribution comparison on the base-model (a) and config-1 model (b) (Sebben, 2004). 
 
This effect was further shown by Dimtriou et al (2006), who showed a significant reduction in the 
pressure on the wheel, not only in the first quadrant in direct effect of wind impingement, but also the 
second and third quadrants also, as detailed in Figure 2.39. 
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Figure2.39:  Centreline Cp distribution on the enclosed wheel, as affected by wind deflector (Dimitriou et al, 
2006). 
 
The wheel spoiler deflected the streamlines towards the car centreline, preventing from getting trapped 
in the wheel rim, as shown in Figure 2.40. 
    
 
Figure 2.40: Streamline topology close to the front wheel affected by wheel spoiler/wind deflector and the 
corresponding vortex formation (Dimitriou et al, 2006). 
 
Piccioni et al (1997) had investigated the aerodynamic design and development of front mud-guards in 
a commercial motorcycle. The functionality of the mud guard was assessed, through varying the shape 
and dimensions, in order to reduce the lift force and eventually to improve other aspects of the 
performance of the motorcycle. Various 2-dimensional configurations of the fender-wheel system 
were numerically simulated. The standard configuration was modelled, and then some characteristic 
parameters were varied with respect to the original model. The lifting effect was reduced and the flow 
was directed to the water cooling system located behind the wheel-fender system. However, by its 
nature, this only simulated a limited closure of the wheel.  
 
    
Figure 2.41: Numerical investigations of wheel fender of a motor cycle (Piccioni et al, 1997). 
 
The paper by Piccioni et al (1997) has influenced the aims of this thesis and inspired study of the 
influence of wheel-housing shape on vehicle performance. 
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2.4 Chapter Conclusions and Specific Objectives 
Historically wheels have received relatively little attention until fairly recently. It has been noted by 
many workers reviewed in the literature that wheels and wheel arches account for a significant amount 
of the total drag force acting on the modern passenger car. Measures that result in reduction of wheel 
turbulence of vehicles also serve to reduce the spray impinging on following vehicles. 
 
However, research into the effect of wheels and wheel-wells on the aerodynamic forces acting on 
automobiles has been sparse, sometimes contradictory and usually vehicle specific. Specific research 
work into rotating wheels, wheel-wells and moving ground aerodynamics has been limited. 
Publications of generic drag-reducing techniques for the wheel areas of modern cars are negligible. 
The simple reason for the negligible work to-date on these areas is the considerable experimental 
complexity involved (e.g. practical simulation of wheel rotation, moving ground and measuring the 
relevant parameters) and technical difficulties associated with a wheel rotating in contact with moving 
ground plane. CFD has not yet reached the level of reliability and confidence where it could be used 
exclusively as a design tool without performing validating experiments on scale or full scale models.  
 
The disproportionate contribution of the wheels to overall drag in a real vehicle, has three main 
reasons: 
• Wheels are not streamlined; 
• The local flow approaches them under yaw; and 
• They rotate within the wheel housing. 
All three effects interact strongly giving a complex turbulent flow and a sideways jet emanating from 
the wheel arches. This can be seen in wet driving conditions and is a contributor to spray, which poses 
safety concerns. 
 
As vehicles become more streamlined, the relative contribution of wheels to total drag increases. 
Understanding the dynamic flow involved around the rotating wheels with moving ground effect can 
lead to reduction in the wheel drag. Consequently, the research described in this thesis focussed on 
aerodynamic design analysis of wheel housings in a generic sense. The housing design took various 
generic geometries and aerodynamic forces were measured and flow simulation techniques were used 
to visualise the flow around the wheel, wheel housing and to analyse the housing shape with respect to 
aerodynamic drag reduction. 
 
Extensive experimental research has shown the complexity of underbody airflow and its relative 
importance to the aerodynamic performance of the vehicle. It is considered that a significant reduction 
in the drag and/or lift produced by wheels and wheel-wells could easily transform an ‘average’ design 
into the region of ‘low drag’ or ‘low lift’ designs with the attendant increases in fuel economy, 
performance and improved road safety with reduced spray. 
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2.4.1 Test Technique 
Today, and in the foreseeable future, it is not possible to develop the aerodynamics of entire vehicles 
without extensive use of experimental techniques, which will increasingly be supplemented by 
numerical methods. In order to reduce the development time and costs for new vehicle generations 
these numerical methods must be efficient. However, although viewed as potentially a major 
development tool in many branches of industry; CFD has not yet reached the level of reliability and 
confidence where it could be used exclusively as a design tool without performing validating 
experiments on scale or full scale models.  
 
Special attention has been given to simulating the wheel rotation including an experimental study into 
the moving ground effect at the RMIT Industrial Wind Tunnel (RMIT IWT) (described in Appendix 
A.1) with fixed ground and no moving ground and rotating wheels facility). Aerodynamic parameters 
(like coefficients and forces) were measured on a generic configuration. Then using a CFD 
commercial software, FLUENT, the flow simulations were assessed for validity for those parameters. 
CFD was used for effective understanding of the flow behaviour and extension of test matrix.  
 
2.4.2 Model Preparation 
The relationship between the aerodynamic flow and vehicle wheel-housing geometry has been shown 
to be a complex one. It depends on the vehicle front/rear geometry and will be specific to the vehicle 
type. Tests conducted by Wickern (1997), indicated that the front and rear wheel rotations were 
independent of each other. A suitable test model depicting these effects was developed enabling study 
of both front wheel and rear wheel portions of a standard vehicle. 
 
2.4.3 Specific Objectives 
From the examination of vehicle aerodynamics in general and from the above sections, one may 
conclude that there are significant gaps in understanding the aerodynamic flow effects of vehicle 
wheel-housings.  
Therefore the research questions to be answered by this research project are as follows: 
• What is the best practical testing method to simulate wheel rotation and moving ground effects 
cost effectively in a fixed ground facility (e.g. RMIT IWT)? 
• What is the best practical test model to simulate flow conditions of generic front and rear 
wheel portions of a vehicle? 
• What are the aerodynamic forces and pressures in and around a typical wheel housings with 
rotating wheel and moving ground? 
• What are the aerodynamic effects of different wheel housing shapes on the wheel-housing 
inner surface? 
• How does the wheel-housing shape influence flows for front and rear wheel positions?
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CHAPTER 3 
Testing Concept 
 
The current chapter outlines the development of an experimental technique for testing wheeled vehicle 
in a normal wind-tunnel (without any moving ground and rotating wheel facility), to incorporate the 
rotating wheel and moving ground conditions. The method of validation, with a well-known test 
model, would be further used for main research work.  
 
3.1 New Testing Concept Development 
CFD techniques will be used for the parametric study and analysis of wheel-housing geometry of a 
generic test vehicle due to its potential economic and time saving capabilities. However, to get 
benchmarking parameters and flow structures in the RMIT Industrial Wind-Tunnel, which does not 
have a moving ground or facilities to work with conventional rotating wheels, a simple, cost effective 
concept was needed for experimental testing. A validated concept giving benching marking 
coefficients will enable to use CFD further to survey the effects of wheel-housing geometric 
parameters on the aerodynamics of generic vehicles.  
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3.1.1 Conventional Single Symmetry 
One simple way to reproduce the road is the mirror image technique shown in Figure 3.1. The idea is 
to use two models with exactly the same shape inverted relative to one another so that there is a plane 
of geometric symmetry representing the ground.  
 
 
Figure 3.1: Single symmetry concept (adapted from Jewel et al, 1999). 
 
For geometries and Reynolds numbers that lead to steady flow, this technique seems to be a valid 
method of simulating a moving ground for large to medium clearances. Indeed, in numerical fluid 
dynamics this technique is widely applied, with a no-slip condition applied to the plane of symmetry. 
In the early days of vehicle aerodynamics, the mirror image technique was used quite often in scale 
model testing-for trains as well as cars. Today, this experimental technique is rarely used. 
 
In viscous flow, the vortices formed behind and beneath the wheels and car underneath generate a 
transient transverse motion that crosses this imaginary surface at the plane of symmetry. A flat plate 
positioned at the plane of symmetry behind the vehicles can reduce or minimize this motion.  
 
However, as mentioned in Table 2.1, it has three practical drawbacks.  
• Two models are needed; 
• The wind tunnel must be twice as big for any given geometric blockage ratio; and  
• It would have complex measurement and support mechanisms.  
 
This technique has been applied in a few research studies but is impractical for full-scale road 
vehicles. 
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3.1.2 Double Symmetry 
The proposed concept is a further development of existing single symmetry simulation technique, 
patented by the author (Satya, 2004).  
 
This concept relates to an experimental technique which may be operated in any normal wind-tunnel. 
This concept requires splitting a laterally symmetric test body along its length, then arranging the two 
symmetric half bodies over a reflecting plane in a double mirror image of the original test body. 
 
In the case of wheeled vehicles, the wheels touch each other at the tire contact points and can be 
rotated; i.e. the body is symmetric about the floor as well as its lateral symmetry plane (Figure 3.2). 
This plane of geometric symmetry is representing the (moving) ground. 
 
 
 
(A) Conventional technique 
2 cars in single symmetry position 
– side view 
(Notice the single symmetry) 
 
 
(B) Conventional technique 
2 cars in single symmetry position 
– rear view 
(Notice the double symmetry) 
 
 
(C) Proposed technique 
Test domain (b) turned by 90o 
(Still maintaining the double symmetry) 
 
 
 
 
 
 
 
(D) Proposed technique 
2 cars in double-symmetry position 
(Consider above floor portion alone) 
Figure 3.2: Proposed double-symmetry concept, (Satya, 2004). 
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With this concept, it should be possible to simulate the interaction between the vehicle body, its 
rotating wheels and the road. Thus, a better understanding of the time-averaged and transient dynamic 
flows involved with rotating wheels and moving ground can be obtained. 
 
It is clear that this concept suffers from the basic transient transverse motion problem, splitting the 
symmetric body along its length, as well as the effect of fixed ground along the split test body surface, 
also yaw angle (relative to a vehicles’ motion) cannot be simulated. 
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3.2 Concept Validation – Ahmed Body 
In order to investigate the behaviour of newly developed concept for complex geometry cases, the 
popular no-wheeled Ahmed body was first used.  Experiments and CFD were used to assess the 
aerodynamic properties of this model in the double symmetry conceptual mode. 
 
The double symmetry technique and its application on no-wheeled Ahmed body were presented at 
ASME, ExHFT conferences, Satya et al (2005). The following subsections describe specific results 
and flow visualisations from EFD tests and CFD simulations. 
 
3.2.1 Ahmed Body 
The use of simplified forms of passenger vehicles has proven extremely useful in terms of 
understanding the fundamental flow characteristics associated with more complex passenger cars          
(Le Good and Garry (2004)). Although many types of simplified passenger vehicle geometries have 
been investigated, one of the most popular has been the Ahmed body, after Ahmed et al (1984). The 
Ahmed body is made up of a round front nose, movable slant plane placed to the rear of the body (in 
order to study the separation phenomena at different angles), and a rectangular box, which connects 
the front and rear slant plane, as shown in Figure 3.3.  
 
   
Figure 3.3: Ahmed body drag chart and proposed high-drag vortex system for hatchbacks (Ahmed et al, 1984). 
 
 
 
Figure 3.4:  Flow patterns on 30o slant angled Ahmed body by Vino et al (2004). 
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As stated by Vino et al (2004), the size and strength of the C-pillar vortices were found to depend on 
the base slant angle. As the base slant angle reached 30o, the separated bubble on the slanted edge 
grows in size forming a dominant low-pressure horseshoe vortex on the backlight. This low-pressure 
region then draws in and strengthens the C-pillar vortices. Overall, the base pressure is significantly 
reduced, resulting in a significant rise in drag. Beyond a slant angle of 30o, the separated flow is no 
longer able to reattach down the slanted edge, thus reducing the strength of the C-pillar vortices. 
Hence, at slant angles above 30o the flow pattern is accompanied by a significant rise in base pressure 
and therefore reduction in drag.  
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3.2.2 Wind-Tunnel Experiments 
A scaled split Ahmed body geometry (at 3/16th of full scale vehicle) with the 30o rear slant angle was 
used in this investigation. Test model dimensional detailes are given in Appendix B.1. Both left and 
right parts of the model were assembled onto a common support structure, and the whole assembly 
was fixed onto a JR-3 six component force balance.  
 
 
 
 
 
 
Figure 3.5: Experimental model set up in RMIT wind tunnel split Ahmed body in double symmetry arrangement. 
 
Sufficient care was taken to match the bottom of the model assembly to the floor and maintain a small 
gap around the models and the tunnel floor, so that the model did not come in contact with the floor, 
enabling measurement of the forces on the model only. Air leakage through the gap around the Ahmed 
body and the tunnel floor was minimized by a double sealing arrangement. Considerable effort was 
expended in ensuring that the gap was both well-sealed and didnot interfere significantly in the 
measurement of forces. The sealing system is described in Appendix C2.2. The force balance along 
with the setup is calibrated with out sealing around the gap and with the sealing, and found to compare 
well in all three force components. 
 
The wind-tunnel blockage ratio was equal to 1.4%, based on maximum projected frontal area of this 
model. As this is a very low ratio, no corrections were applied for EFD tests. The force balance was 
connected to both halves of the split bodies via a supporting frame, thus the coefficients were based on 
the total frontal area 0.0671m2 of split Ahmed body arrangement.  
 
Right Left 
Right 
Left 
Left Left Right 
Right 
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With wind-tunnel testing, it was found that the body was almost independent of Reynolds number 
effects. Drag coefficient behaviour with respect to the wind velocity is shown in Figure 3.6. As only 
one force balance was used under the split Ahmed body assembly, only drag force could be 
determined. At 30m/s, the coefficient of drag was found to be 0.375 by the experiments, which 
showed good agreement with 0.378, Figure 3.3, the data measured by Ahmed (1984). It was found 
that, drag coefficients exhibited almost insensitivity to changes in Reynolds number, over the test 
speed range. 
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Figure 3.6: Reynolds number effects on split Ahmed body in double symmetry configuration. 
 
The EFD coefficients are slightly larger than the standard Ahmed body drag coefficient, but were 
found within 2% margin of value measured by Ahmed (1984). A contributing factor to this could be 
the model imperfections in the experiments, air leakage along the sealing, body and floor interaction 
etc.  
 
 
 
Figure 3.7: Experimental flow patterns on split Ahmed body in double symmetry mode (continued) 
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Figure 3.7: Experimental flow patterns on split Ahmed body in double symmetry mode. 
 
Figure 3.7 shows the surface skin friction patterns on the backlight and vertical base on both normal 
Ahmed body (as proposed by Vino et al, 2004) and the split Ahmed body in double symmetry 
configuration. The pattern showed good agreement with the previous work, in that the flow shows a 
large separation bubble over the entire centreline, consequently aiding the generation of a strong 
trailing vortex from the C-pillar, which was very well-defined. 
 
Figure 3.7 highlights the important time-averaged flow features found from this investigation on the 
right hand side of the model, and off-body flows on the left. Just inboard of the C-pillars, there existed 
a separation line extending through the entire length. Clearly, the impingement of the trailing vortex 
along the C-pillar is shown. A streamline from the oncoming stream surface (i.e. the trailing vortex 
surface) bifurcates into two at the line. On one side of this positive bifurcation, the flow tends toward a 
stable focus in a spiralling path, as it interacts with the flow reversals inside the detached flow region 
on the slant. On the other side, the path taken by the vortex as it interacts with the surface is shown. 
Note that the vortex separates at approximately 7 degrees to the C-pillar. It was shown that a smaller, 
counter rotating, vortex existed above the small region between the line and C-pillar. As such, this     
7-degree separation line can be viewed as a negative bifurcation, in which two streamlines appear to 
combine into one, comparing well to results obtained by Vino et al (2004) and Ahmed et al (1984).  
 
On the vertical base, the limiting streamlines indicate the path of the upper separation bubble, which 
causes significant levels of up wash on the surface. Note the horseshoe shape made by the bubble as it 
extends to the sides of the model.   
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3.2.3 CFD Simulation 
In-depth research work done by Johnson (2005) on Ahmed body, concentrating on its aspect ratio and 
effects on aerodynamics. CFD Simulations were carried out on half-body with forced symmetry on the 
body centre plane.  
 
 
Figure 3.8: Standard half-Ahmed body, 30o slant angle, in normal configuration with central symmetry and wall 
floor, as simulated by Johnson (2005). 
 
Johnson (2005), had shown the wake visualisation with the aid of slices coloured by normalised 
velocity magnitude (U/U∞) and an iso-surface of CP (CP=0) indicating the recirculation zone. The path 
lines (released from the edge of the slant surface, highlighting the C-pillar vortex) were shown in 
Figure 3.9 from his flow visualisation work.  
 
 
Figure 3.9:  CFD Flow pattern and time-averaged streamlines on Ahmed body, (Johnson, 2005), continued. 
Body-centre plane with 
symmetry condition 
Centre plane as floor 
with wall condition 
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Figure 3.9:  CFD Flow pattern and time-averaged streamlines on Ahmed body, (Johnson, 2005). 
 
For the purpose of the validating the experiments carried out on the Ahmed body with 30o slant angle, 
in double-symmetry configuration, a half portion of the Ahmed body was used in CFD domain.   
 
 
Figure 3.10:  Test conditions used on half model Ahmed body to replicate the experiments. 
Body-centre plane on 
floor with wall condition 
Centre plane 
with 
symmetry 
condition 
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The free stream velocity used for both the experimental results and the CFD calculations was 30m/s. 
This gave a Reynolds number of approximately 1.5X106 based on the body length 0.783m. A mesh 
consisting totally of tetrahedral cells was generated with Tgrid, Gambit. Complete volume meshes 
were of the order of 2.5million cells. The domain limits were placed twelve lengths upstream, thirty 
lengths downstream, and ten above the floor. The surface boundary layers were placed to achieve 
respectable wall y+ range. The surface mesh for the split Ahmed bodies and ground was shown in 
Figure 3.11.  
 
 
 
 
 
  
 
Figure 3.11:  CFD domain, surface mesh and boundary layers used on test model simulation. 
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Figure 3.12: CFD simulation results on half Ahmed body in experimental configuration. 
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The k-ε (RNG) turbulence model with standard wall function was chosen for turbulent closure. Wall 
boundary conditions on ground floor and Ahmed body, far field velocity inlet, pressure outlet, and 
symmetric far field conditions were used for the exterior of the domain. Solutions convergence was 
monitored by integrating the base parameters for the body at the end of every iteration. Convergence 
criterion of 1x10-5 on all parameters was used. In strongly time-varying flows, such as flows involving 
vortex shedding, it is often difficult to get the residuals to decrease past certain limits. As well as 
monitoring residuals, monitoring of the solution was also conducted using body forces since they 
provide a better indication of the behaviour of the flow field near the body. Drag forces on the model 
were extracted at every iteration to monitor the simulation. For this simulation, the body force did not 
converge but oscillated about a mean value. The simulation was stopped when the apparent mean body 
drag force coefficient had reached a constant value of ±0.0075 of the average value of 0.3785. Scaled 
residuals and fluctuating drag coefficients are shown in the Figure 3.12. The averaged coefficient of 
drag of the whole split assembly was found to be 0.3785 for 30m/s free stream velocity, which is quite 
well in comparison with the drag coefficient of 0.378 for the standard Ahmed body.  
 
Flow visualisation techniques were used on split Ahmed body in double symmetry experimental test 
configuration, with the processed data available from CFD simulations to compare the flow structures 
of a standard Ahmed body shown in Figure 3.9.  Figure 3.14 shows the wake visualisation with the aid 
of an iso-surface of CP (CP=0) indicating the recirculation zone and the path lines were released from 
the edge of the slant surface shown highlighting the C-pillar vortex. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.13:  CFD flow structures on half Ahmed body in experimental configuration (continued). 
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Figure 3.13:  CFD flow structures on half Ahmed body in experimental configuration. 
 
As shown in Figure 3.13, the flow structures of Ahmed body in experimental configuration (refer to 
3.5) have a similarity with the standard Ahmed body shown by Johnson (2005), in Figure 3.9.  
 
 
 
Figure 3.14: CFD flow structures on half Ahmed body in experimental configuration looking along the slant 
plane. 
 
Even though CFD simulation has given an equivalent averaged flow coefficient for drag, the 
effects of floor can be clearly identified from these structures. The flow structures at the body 
side planes are very similar to the standard Ahmed body where as at the floor level, clear 
differences can be identified. The floor has influenced the time-averaged recirculation zones 
as shown in Figure 3.14. 
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3.3 Chapter Conclusions 
A double-symmetry method for replicating the moving ground and rotating wheel boundary was 
investigated via wind-tunnel experiments and CFD. The method was found to be feasible for 
measuring drag and offer advantages of replicating the moving tyre contact patch compared with other 
moving ground simulations. Computed values of aerodynamic drag coefficients were in the range of 
the experimental values and also showed the same base pattern for tested cases, it was concluded that 
double-symmetry concept could provide a solution for some vehicle rotating wheel and moving 
ground problems, particularly with regard to ease of flow measurements and visualisation in the wheel 
area.  
 
The use of the method enabled an investigation on Ahmed model geometry, along with Reynolds 
number behaviour. It was found that drag coefficients were relatively insensitive to changes in 
Reynolds number. It was noted that: 
• In a road condition, a floor plane is not merely symmetric but rather a moving plane at the 
driving speed;  
• An actual vehicle body topology, particularly underbody, is not symmetric to the centre plane 
in general. The proposed test strategy applies only to an idealized, symmetric vehicle model; 
• The centre plane of the two half-models was merged by the floor boundary layer in the test 
facility; 
• The technique also suffers from practical drawbacks such as wider test section space 
requirement, and relatively complex measurement and support; 
• The main draw back include the transient traverse flow across the symmetric plane 
(simulating the moving ground), the influence of ground boundary layer, sealing the gap 
around the body and the ground with negligible influence on the force balance measurements 
(for measuring the forces only on the test bodies) and splitting the test vehicle. 
 
However,  
• This technique will be useful for experimental examination of local flows in wheel, wheel 
housing, under body and other similar areas of a test vehicle. In particular it would offer the 
potential of replicating the tyre contact patch relatively easily; 
• This technique needs only a single split model and can work with simple measurement 
mechanisms in any wind-tunnel, simulating the moving ground while be able to rotate the 
wheels.  
 
The testing concept and validation of Ahmed body subjected to double-symmetry condition have been 
presented through ASME, ExHFT conferences, Satya et al (2005), after launching a provisional patent 
Satya (2004) for the concept. This technique was utilised further to investigate a generic wheeled 
vehicle representation to analyse the effects of wheel-housing geometry in the upcoming chapters. 
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CHAPTER 4 
Benchmarking Tests on a Generic Wheeled Vehicle 
 
The current chapter describes development of suitable test model for simulating close-to-realistic 
vehicle aerodynamic conditions for both front and rear wheel portions of a typical vehicle. Further it 
discusses the procedures to test the developed model with the double-symmetry testing technique, 
discussed in Chapter 3, in the RMIT Industrial Wind Tunnel. This forms a basis for CFD simulations 
for analysing wheel-housing parametric effects on the aerodynamics of the test model in upcoming 
chapters.  
 
4.1 Test Model Development 
4.1.1 Reference Test models 
In automotive aerodynamics much use has been made of generic vehicle models using both “simple” 
and “car-like” geometries for research and correlation. Research work has been conducted mostly on 
small-scale versions of the models to investigate flow regimes and aerodynamic force and moment 
characteristics while correlation tests have been made use of both small-scale and full-scale models to 
compare results between wind-tunnels. More recently the geometry of these models has also been used 
as test cases in the validation of computational techniques.  
 
A detailed search was done to find a suitable test bodies used by other researchers to understand 
vehicle under-body aerodynamics. Special attention was given to possible use of simple bodies and to 
capture the wheels and wheel-housing effects.  
 
A comprehensive list of test models in use around the world was compiled by Le Good and Garry 
(2004). These simplified models, which include the Ahmed Body, MIRA reference car, SAE reference 
model, Pininfarina reference car and Rover bluff body, are more than 20year old but still in regular 
use.   Most of these models are designed to understand aerodynamic characteristics of vehicles specific 
to vehicle upper body and related to external airflow alone. These test bodies generally did not have 
wheels, wheel-housings and representative wheel protrusions or in the case of the MIRA / Rove-
model, (see Figure 4.1) were designed for tests having non-rotating wheels with fixed ground 
conditions.  
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Ford variable geometry model  
 
    
MIRA/Rover variable geometry model 
Figure 4.1:  Reference test models in use. (Le good et al, 2004) 
 
The latter reference models were found to be detailed, large and costly for the current research work 
However, it was aimed to keep the test model simple for experiments and simulations for wheel-
housing aerodynamic analysis, yet be able to replicate the real wheel-flow dynamics. Other simplified 
bodies that permit the influence of ground condition on the flow around a wheel located within a 
wheelhouse cavity include MIRA body, by Axon, (Axon et al, 1999).  
 
 
 
 
Figure 4.2: MIRA body with single wheel (Axon et al, 1999). 
 
However on practical car forms, the flows relative to the front wheels are influenced by the car body 
such that they are not aligned with the wheels direction. Wheels, which may be considered very low 
aspect ratio cylinders will experience large drag increases with even small amounts of yaw. The front 
wheels are often in yawed flow (Scribor-Ryiski, 1987), of 10 to 20 degrees (Hucho, 1998). The yawed 
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flow is generally considered to be caused by the lateral suction zone created by the front of the body 
but the blockage of the wheel itself may have an effect. 
 
Experimental tests were carried out by Fabijanic (1996), with a small generic automotive body shape 
that included wheel-wells that could be varied in radius, or height, and depth with optional nose length 
variations of short, standard, long and extra long. The range of depths and radii encompassed wheel to 
wheel-well relationships for a wide range of vehicle types. 
 
 
Figure 4.3: Test body with double wheels and test set up (Fabijanic, 1996). 
 
However, the wheel diameter of 76.6mm results in a low ReD = 1.57 x 105. Even though this model 
captured the vehicle wheel and wheel housing features, it was felt that the test model was small. It was 
decided to try for a bigger body and closer to realistic passenger car with flexibilities of rotating the 
wheels from within the test body itself.  
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4.1.2 RMIT Two Wheeled Test Body Development 
In order to capture flow yaw effects, it was required to keep the two / four wheel configuration. Trials 
were given to utilise the wheeled Ahmed body, Sculptured fastback car (Williams et al, 1994) and also 
a Honda Accord Shell. All these models were found to be a challenge for experimental testing and also 
not much useful for individual front and rear wheel analysis. Eventhough some CFD work was 
completed on wheeled Ahmed body initially; it was then discontinued for not being supported by a 
possible wind-tunnel testing. 
 
 
 
Ahmed body with wheels 
 
 
 
30% scale B1 sculptured 
fastback silhouette car shell 1/5th scale Honda Accord shell 
Figure 4.4: Generic car models tried prior to development of RMIT two wheeled body. 
 
Due to the practical constraints with size, scaling, complexity involved in modelling, testing and 
inability to get detailed wheel-housing effects of these bodies, a simple two wheeled RMIT body was 
developed by duplication of a body similar to the MIRA body (see Figure 4.2), keeping in mind the 
need to reproduce front and rear wheel effects and aerodynamics of a normal four wheeled passenger 
car.   
 
Wickern (1977) performed tests on Audi Sports car, with moving ground and rotating wheels, indicate 
that the effect due to front wheel rotation was not strongly dependant on rear wheel rotation and the 
effect due to rear wheel rotation was not strongly dependent on front wheel rotation. Hence it was 
decided to replicate the effect of both the front and rear wheels independently with a single test potion 
itself as indicated in Figure 4.5. 
 
Whilst a full car simulation was desirable, a simple two wheeled RMIT body was developed by 
duplication of a body similar to this MIRA body, keeping in mind the need to reproduce front and rear 
wheel effects and aerodynamics of a normal four wheeled passenger car. Even though, there would be 
interactive effects of front and rear wheels on the middle passenger cabin, A-pillar and C-pillar 
vortices, it was shaped to keep the test model simple and cost effect for fabrication, wind-tunnel tests 
and further work with CFD simulations of parametric analysis. 
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Figure 4.5: Generic car with front bonnet, rear boot and passenger cabin compartment. 
 
A simple model that could be easily fabricated and/or simulated is shown in Figures 4.5 and 4.6. The 
model and wheels system simulated the front bonnet portion of a car and by reversing the model, a 
simple simulation of the boot and rear wheel portion could be made. The attached wheels in the model 
were run by electric motors, which were inside the test body.  
 
 
Figure 4.6: Two wheeled RMIT body. 
 
The wheel was essentially a solid disc with round edge, had a diameter of 0.5m and aspect ratio of 
30%. The shroud represented either front or rear portion of a typical passenger car. The wheel and 
shroud geometries were chosen to give an acceptable wheel, wheelhouse size without high wind-
tunnel blockage. The body was fabricated such way that it could be split into two halves which were 
assembled in double symmetric manner for further investigations. Model dimensional details were 
given in Appendix B.2. 
 
Left 
Right 
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4.2 Wind Tunnel Tests 
The RMIT two wheeled body, will be used to understand the parametric effects on the body 
aerodynamic performance, being subjected to vehicle front and rear portion situations.  
 
 
Single section 
 
 
Single section on supporting force balance 
Figure 4.7: RMIT body in double symmetry mode. 
 
In the double symmetric mode, both left and right parts of the model were assembled directly on to the 
common support structure. Both the left and right sides of the body were placed in such a way that the 
wheels were set for -5mm interference. This was enabled by having an outer foam tyre layer on each 
wheel, which could simulate the ground contact patch deformations on full-size car wheels.  The 
common support frame was fixed onto the JR3 force balance; details can be found in Appendix A, B.  
As shown in Figure 4.7, in this mode, a small 5mm gap was maintained around the model and the 
wind tunnel floor to avoid interaction of the test body with the floor. The front and rear wheel portions 
of a vehicle testing will be possible by turning the test body either front or rear facing to the wind 
direction. 
 
 
Non-rotating wheels 
 
Rotating wheels 
Figure 4.8: RMIT body in double symmetry mode. 
 
 
 
Right 
Right 
Left 
Right 
Left 
Left 
Right 
                                                                                                                                                                                                                                Satya Prasad Mavuri 
 
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Ph.D. Thesis                                                                                                                                                                                                         67 
Since the body was in double symmetric orientation and using a single force balance, the only useful 
force component that could be measured was drag. Reynolds number behaviour was investigated for 
various test setup possibilities, in this double symmetric mode for both straight and reverse 
orientations (replicating front bonnet and rear boot portions of the vehicle).  
 
The maximum free stream velocity used for no wheel or non-rotating wheel experiments was 27.8m/s 
(100Km/h), which gave a Reynolds number of approximately 1.2X106 based on the body length 
(0.65m), whereas, the maximum free stream velocity used for rotating wheel experiments was limited 
to 23.6m/s (85Km/h) by the available maximum wheel rotational speed of 1768rpm at an equivalent 
Reynolds number of around 1.02X106. It was found that the body was almost independent of Reynolds 
number effects at higher velocities. The side-force coefficient was used to identify the symmetry of the 
model (i.e. zero yaw angle). Sealing method, Reynolds number effects, error analysis were presented 
in Appendix C.  
 
Tests revealed that the model was able to maintain repeatable and stable flow coefficients by 16.6m/s 
(60kmph) wind speed. The fluctuations in the force read outs were found to be within 5% of the 
averaged values. Stable drag coefficients for the other test setup possibilities are summarized. The test 
results are presented in the discussion section in this chapter. 
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4.3 CFD Simulation 
For the purpose of the CFD study, a half body with a single wheel was used with symmetry along the 
centre plane. The isolated wheel was placed in the wheel housing, independent of shaft connection.   
 
A mesh consisting totally of tetrahedral cells was generated with Tgrid. One close spaced inner 
volume was used around the test body and the outer volume used to define the computational test 
domain. Domain and grid optimisation were performed involving size of the inner and outer volumes, 
mesh sizes on the body along its face walls, boundary layer and the turbulence schemes. The surface 
boundary layers were placed to achieve respectable wall y+ range. As this model would be used for 
further parametric analysis, considerable amount of time was dedicated in selecting the CFD scheme, 
validation and resolution of the grid. Appendix D gives details of CFD and also the grid resolution 
studies. Complete volume meshes were of the order of 2.5 million cells. 
 
Final domain limits and boundary conditions were shown in Figure 4.9 and the k-ε (realizable) 
turbulence scheme with enhanced wall treatment was found to give the closest values to the 
experimental results and also give a relatively stable solution for the test conditions. 
 
 
Figure 4.9: Domain, boundary conditions for half-RMIT body. 
 
The free stream velocity used for both the experimental results and the CFD calculations was 23.6 m/s 
(85Km/h), based on the available wind-tunnel wheel rotational speed of 1768rpm, and gave a 
Reynolds number of approximately 1.02x106 based on the body length 0.65m. 
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Figure 4.10: Surface meshes for half-RMIT body. 
 
Following the CFD grid resolution and turbulent scheme studies, Appendix D, steady state time-
averaged flow computations were performed using version 6.1 of Fluent software. This used 
incompressible flow conditions and a uniform inlet steady velocity of 23.6m/s with 1.6% turbulent 
intensity level (matching the wind-tunnel level) and 0.01m turbulent length scale. Air with 1.225kg/m3 
density and 1.7894x10-5kg/ms viscosity was used as working fluid. A moving wall boundary condition 
was used for ground representation with the wheel rotation cases.  Wall test body, far field velocity 
inlet, pressure outlet, symmetric central plane and the far field conditions were used for the exterior of 
the domain. For each solution, the first 500 first-order iterations were performed followed by 1500 
second order iterations. A k-ε (realizable) turbulence model with enhanced wall function was used for 
all test cases. Default relaxation values were taken for the continuity and momentum equations. A 
convergence criterion of 1x10-5 or stable coefficients for >500 iterations were used. Solution was 
observed by monitoring the flow coefficients (drag and lift) at the end of every iteration. As expected, 
having only one half-body model (Figure 4.10) with symmetry condition at the centre plane was not 
sufficient to get convergence in the residual parameters. The solutions used were when stable drag 
coefficient and residuals were noted. Final values are found by averaging stable coefficients of the 
final 50 iterations. 
 
It was found that the Reynolds number effects on this RMIT body with moving ground and rotating 
wheels had negligible effects on drag coefficients.  
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4.4 Results and Discussion 
All aerodynamic coefficients were based on the same total frontal area of 0.128m2 of the full model 
with both wheels. The wind-tunnel blockage ratio was 2.6%, based on maximum projected frontal area 
of this model with wheels and since this is a relatively low ratio, no corrections in the results were 
made.  
 
The aerodynamic drag coefficients of the assembly with no wheels, with wheels but not rotating and 
with rotating wheels along with moving ground are shown in detail in Table 4.1 and 4.2.  
 
Work carried out on evaluation of double-symmetry concept on Ahmed body showed similar surface 
skin friction patterns on the backlight and vertical base matching experimental patterns in the literature 
(Vino et al, 2005).  Similar flow coefficients and surface flow patterns were observed with both EFD 
and CFD tests on Ahmed body in double-symmetry configuration (Satya et al, 2005). As in the current 
work, it was concluded that double-symmetry concept could provide a solution for some vehicle 
rotating wheel and moving ground problems, particularly with regard to ease of flow measurements 
and visualisation in the wheel area.  
 
The drawbacks are the problems associated with gap around the model and sealing, if force balance 
measurements are needed and the influence of the tunnel boundary layer growth along the test body. 
The other possible error sources could be experimental model irregularities, the influence of shafts in 
the wheel-housings (these held & drove wheels for EFD where as this was not the simulated in the 
CFD).  
 
In addition, flow visualization techniques using tufts around the body, wheels and wheel-wells showed 
similar time-averaged flow structures, compared with the CFD path lines. The flow was much steadier 
in the wheel-well and wheel region in the reverse body case. Also the flow in the normal straight mode 
did show a much more complex movement, with jetting effects similar to the front wheels potion of a 
normal four-wheeled vehicle.  
 
The double symmetry technique and its application on two-wheeled RMIT test vehicle are published 
in IJVD journal (Satya et al, 2008). The following subsections describe specific results and flow 
visualisations from CFD simulations. 
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4.4.1 Aerodynamics of Front Wheel Portion 
The aerodynamic drag coefficients of the assembly with no wheels, with non-rotating wheels and with 
rotating wheels along with moving ground are detailed in Table 4.1.  
 
Experimental results Computational results 
Test case 
Description Drag 
coefficient Description 
Wheel drag 
coefficient 
Body drag 
coefficient 
Total drag 
coefficient 
No wheels 
 
 
0.408 
 
 
0.000 0.405 0.405 
Non- 
rotating 
wheels 
 
 
0.543 
 
 
0.110 0.431 0.541 
 Rotating 
wheels 
 
 
0.555 
 
 
0.079 0.477 0.556 
Table 4.1: Experimental and computational test results comparison - straight orientation. 
 
The results from wind-tunnel testing and also CFD simulations indicate the importance of MGRW. 
The test vehicle is shown to have higher drag coefficients for the rotating wheel with moving ground 
provision than the no-wheel or non-rotating, stationary ground cases. 
 
The path lines and cross-sectional flow patterns, shown in Figures 4.11, 4.12, 4.13, 4.14 and 4.15 
indicate that no wheel vehicle would have a simple large recirculation in the wheel-housing cavity 
with wake-patterns revealing the filled cavity with most of the wake and the corresponding turbulent 
kinetic energy losses attached to the vehicle and the effects of cavity. The flow approaching the wheel-
housing geometry at yaw angles further is being pulled into the wheel-housing cavity, which is having 
a low static pressure inside. The entered flow continues to move towards the rear wall of the housing 
cavity and then pulls up to the front wall along the top and side walls and the down the front wall to 
rejoin the flow along the side of the vehicle.  
 
The flow structures clearly have got affected with inserted non-rotating wheel in the wheel-housing 
cavity. The wheel contributes to the increase in drag of the total vehicle. The flow impinges onto the 
front of the wheel at yaw, as expected, hits the front wheel and then separates into inner-side, outer-
side and to the top of the wheel. The flow separated towards the inner-side, joins the mainstream flow 
on the inner-side of the wheel-housing continues towards the top of the wheel-housing region. Some 
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of this flow moves along the side and then rear wall of the housing and then slides along the side of 
the vehicle. Some of the flow raised up from the front wheel them joins rest of the flow, then ends up 
recirculating and finally exists as a vortex flow out from front top corner of the wheel-housing. The 
flow separated from the front wheel impingement, at the bottom of the wheel-front forms a wide 
separation wake, owing to its yawed approach to the wheel and large separation across the wheel 
edges. The corresponding flow structures from Figure 4.12 shows the big bulge in the wake created at 
the bottom of the front wheel and the huge losses of the turbulent kinetic energy losses in this region. 
 
The flow structures are further being complicated with introduction of moving ground and rotating 
wheel to the vehicle. The flow being further energised with the rotating wheel, it tries to follow the 
rotating wheel movement. The wheel rotation and contributes to the increase in drag of the total 
vehicle.  The flow is observed to follow similar patterns to the non-rotating case, but flow structures 
indicate specific difference to the patterns. There is decrease in the flow separation from the front 
bottom contact patch along the outer edge of the wheel, owing to the directional air movement with 
assistance from wheel rotation. The size and length of the vortex across the front top corner of the 
wheel-housing is decreased due to the forward movement of the flow along the front-top corner of the 
wheel. There is also an additional vortex generated across this corner assisted by the wheel rotation. 
The changes flow patterns are reflected in the wakes as indicated in Figure 4.12. The decreased size of 
separation wake along the contact patch, the continued wake along the wheel-housing our edge, the 
increased wake size across the front-top corner of the wheel-housing, increase size of the wake along 
the rear-top corner of the wheel-housing, re-distributed turbulent kinetic energy losses are cleared 
observed from these wake patterns. 
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Figure 4.11:  Path lines (released ahead of wheel) in the front wheel-housing region. 
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 A                                                                                          B 
Figure 4.12: Flow structures of time independent simulations for front wheel-housing  
       A: Iso-surface wake (CP=0) coloured with normalised velocity (U/U∞), 
       B: Iso-surface of turbulent kinetic energy coloured with normalised velocity (U/U∞).    
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Figure 4.13:  Normalised velocity (U/U∞) overlaid with streamlines along the longitudinal sectional planes of 
the front wheel-housing 
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Figure 4.14:  Normalised velocity (U/U∞) overlaid with streamlines along the horizontal sectional planes of the 
front wheel-housing. 
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Figure 4.15:  Normalised velocity (U/U∞) overlaid with streamlines along the vertical sectional planes of the 
front wheel-housing. 
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4.4.2 Aerodynamics of Rear Wheel Portion 
The aerodynamic drag coefficients of the assembly with no wheels, with non-rotating wheels and with 
rotating wheels along with moving ground are detailed in Table 4.2.  
 
Experimental results Computational results 
Test case 
Description Drag 
coefficient Description 
Wheel drag 
coefficient 
Body drag 
coefficient 
Total drag 
coefficient 
No wheels 
 
 
0.432 
 
0.000 0.434 0.434 
Non-
rotating 
wheels 
 
 
0.506 
 
 
0.102 0.405 0.507 
Rotating 
wheels 
 
 
0.550 
 
 
0.088 0.464 0.552 
Table 4.2: Experimental and computational test results comparison - reverse orientation. 
 
The results from wind-tunnel testing and also CFD simulations again indicate the importance of 
MGRW. The test vehicle is shown to have higher drag coefficients for the rotating wheel with moving 
ground provision than the no-wheel or non-rotating, stationary ground cases. 
 
The path lines and cross-sectional flow patterns, shown in Figures 4.16, 4.17, 4.18, 4.19 and 4.20 
indicate that no wheel vehicle would have a simple large recirculation in the wheel-housing cavity 
with wake-patterns revealing the filled cavity with most of the wake and the corresponding turbulent 
kinetic energy losses attached to the vehicle and the effects of cavity. The flow approaching the wheel-
housing geometry at normal angles further is being pulled into the wheel-housing cavity rear portion, 
which is having a low static pressure inside. The entered flow continues to move towards the side wall 
while recirculating towards the top of the wheel-hosing and then joined the main steam of the flow 
along the side of the vehicle and at the bottom rear of the wheel-housing.  
 
The flow structures clearly have got affected with inserted non-rotating wheel in the wheel-housing 
cavity. The wheel contributes to the increase in drag of the total vehicle. The flow impinges onto the 
front of the wheel at normal angles, as expected, hits the bottom front wheel, near contact patch and 
then separates into inner-side, outer-side and towards the top of the wheel. There is long recirculation 
at the wheel-housing front wall, assisted by the flow moving upwards from the bottom of the wheel 
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and turning anticlockwise at the top of the wheel-housing and joining to the vortex rotation at the 
middle of the front wheel-housing. Some of the rejoined flow continues along the outer side of the 
wheel and further been pulled towards the rear wall of the wheel-housing. The low pressure at the 
front, bottom corner of the wheel-housing pulls this flow towards the from bottom corner which then 
rejoins the flow rising with recirculation at the front wall of the wheel-housing. The flow separated 
from the front wheel impingement, at the bottom of the wheel-front forms a separation wake. The 
corresponding flow structures from Figure 4.16 show the wake created by the wheel-housing region 
and wheel and the losses of the turbulent kinetic energy losses in this region. 
 
The flow structures are further being complicated with introduction of moving ground and rotating 
wheel to the vehicle. The flow being further energised with the rotating wheel, it tries to follow the 
rotating wheel movement. The wheel rotation and contributes to the increase in drag of the total 
vehicle.  The flow is observed to follow similar patterns to the non-rotating case, but flow structures 
indicate specific difference to the patterns. There is an increased level of complexity of flow 
circulation towards front-side corner of the wheel-housing.  The changes in flow patterns are reflected 
in the wakes as indicated in Figure 4.16. The decreased size of separation wake along the contact 
patch, the continued wake along the wheel-housing our edge, the increased wake size across the front-
top corner of the wheel-housing, increase size of the wake along the top corner of the wheel-housing, 
re-distributed turbulent kinetic energy losses are cleared observed from these wake patterns. 
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Figure 4.16:  Path lines (released ahead of wheel) in the rear wheel-housing region. 
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 A                                                                                             B 
Figure 4.17: Flow structures of time independent simulations for rear wheel-housing  
       A: Iso-surface wake (CP=0) coloured with normalised velocity (U/U∞), 
       B: Iso-surface of turbulent kinetic energy coloured with normalised velocity (U/U∞). 
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Figure 4.18:  Normalised velocity (U/U∞) overlaid with streamlines along the longitudinal sectional planes of 
rear wheel housing. 
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Figure 4.19:  Normalised velocity (U/U∞) overlaid with streamlines along the horizontal sectional planes of the 
rear wheel-housing. 
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Figure 4.20:  Normalised velocity (U/U∞) overlaid with streamlines along the vertical sectional planes of the 
rear-wheel housing. 
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4.5 Chapter Conclusions 
A suitable test two-wheeled RMIT model for simulating close-to-realistic vehicle aerodynamic 
conditions for both front and rear wheel portions of a typical vehicle was developed by improving the 
existing MIRA model.   
 
A double-symmetry method for replicating the moving ground/rotating wheel boundary was 
investigated via wind-tunnel experiments and CFD on this wheeled test model.  
 
It was noted that: 
• In a road condition, a floor plane is not merely symmetric but rather a moving plane at the 
driving speed;  
• An actual vehicle body topology, particularly underbody, is not symmetric to the centre plane 
in general. The proposed test strategy applies only to an idealized, symmetric vehicle model;  
• The centre plane of the two half-models was merged by the floor boundary layer in the test 
facility;  
• The technique also suffers from practical drawbacks such as wider test section space 
requirement, and relatively complex measurement and support;  
• The main draw back include the transient traverse flow across the symmetric plane 
(simulating the moving ground), the influence of ground boundary layer, sealing the gap 
around the body and the ground with negligible influence on the force balance measurements 
(for measuring the forces only on the test bodies) and splitting the test vehicle. 
 
However, It was also noted that: 
• The method was found to be feasible for measuring drag and is useful for experimental 
examination of local flows around the wheel, wheel-housing, under body and other similar 
areas of a test vehicle. In particular, it offers the potential of easy replicating the tyre contact 
patch relatively compared with other moving ground simulations; 
• This technique needs only a single split model and can work with simple measurement 
mechanisms in any wind-tunnel, simulating the moving ground while being able to rotate the 
wheels. It cannot simulate yaw angle and (without further modification) does not provide a 
physical boundary for the ground, thus permits transient flow across the ground symmetry 
plane. 
 
Wind-tunnel tests and optimised CFD flow simulations of the tested vehicle show the complexity of 
flow structures involved in the wheel, wheel-housing region and thus prove the importance of the 
rotating wheels, moving ground simulations of a vehicle for replicating on-road conditions while 
testing for aerodynamic performance. 
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The testing concept and validation of two-wheeled RMIT vehicle subjected to double-symmetry 
condition have been published through International Journal of Vehicle Design. The grid-optimised 
CFD model will be used to further investigate the effects of wheel-housing geometry in the upcoming 
chapters. 
 
The bench marking analysis carried out on the two-wheeled RMIT vehicle has shown the importance 
and contribution of wheel, wheel-housing geometries to a vehicle.  Flow visualisation has confirmed 
the complexity of flows involved around the wheel area for both front and rear wheel portions. 
 
The testing concept and its application on the two-wheeled RMIT body subjected to double-symmetry 
condition have been published through IJVD journal, Satya et al (2008). The benchmarking test results 
from the wind-tunnel testing were utilised further to investigate the aerodynamic effects by the wheel-
housing shape parametric analysis in the upcoming chapters. 
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CHAPTER 5 
Front Wheel-Housing Aerodynamics – Parametric Study 
 
In this chapter, the effects of front wheel and wheel-housing parameters on the aerodynamics of a 
generic vehicle body are evaluated via CFD for the condition of driving in still air (i.e. yaw angle 
effects were not reproduced). The purpose of this investigation was to provide insight into the effects 
of parametric variations of front wheel, wheel-housing and front bumper shapes on the overall 
aerodynamics of the main vehicle.  
 
5.1 Over View of Front Wheel and Wheel-Housing Parameters 
The front wheel-housing separates the wheel and engine bay and accommodates suspension and drive 
systems of the vehicle. The housing is designed to provide enough working space for the wheel 
movement required for suspension, steering, drive, braking and flexible wheel maintenance 
operations. A current trend is for additional components and accessories to be tightly packed into 
vehicles. Also new vehicles are more streamlined and have tighter turning circles whilst maintaining 
similar functions to bigger vehicles. This has further placed importance on front wheel-housing shape 
in terms of size and aerodynamics (e.g. drag, wheel spray).  
 
    
Figure 5.1: Front wheel-housing designs showing the complexity and possible geometric variations. 
 
Due to complexity and wide variations available with wheel and wheel-housing geometries, the 
current study has focussed on effects of individual parameters alone and was confined to size, shape 
and angular variations.  
 
The following parameters were considered in this research:  
1. Front Wheel Effects: Aerodynamic effects of a generic RMIT vehicle’s front-wheel were checked 
and analysed mainly for size variations (wheel diameter and width), wheel mounting location 
(horizontal or vertical shifts into the wheel-housing cavity) and its angular mounting position 
(wheel toe and camber). 
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2. Effects of Body Dimensions: Aerodynamic effects of the front bumper portion of the generic 
RMIT vehicle’s body were checked and analysed mainly for some of body parameters which 
affect the airflow leading into wheel-housing area including bumper length, bumper height, 
bumper angle (front, side) and body road clearance.  
 
3. Front Wheel-Housing Effects: Aerodynamic effects of the generic RMIT vehicle’s wheel-housing 
shape were checked and analysed mainly for some of basic size variations which would affect the 
aerodynamics of the whole body. Because of the wide range of potential variations, the study was 
limited to some of the simple parametric variations to the generic wheel-housing rectangular box 
shape, including its size (variation to length, width and depth), edge filling (fillet, 30 o, 45 o, 60o 
angled chamfer), wheel-housing cover plates (fillet plate, 30 o, 45 o, 60o angled chamfer plate), 
angled walls (front, rear, side, top), wheel clearance size (gap around the wheel) and deflectors 
and skirts (small plates attached to  wheel-housing front, rear, side walls).  
 
The parametric study is carried out in CFD following the same grid-optimised simulation scheme as 
detailed in the previous chapter. The reference area used in this CFD parametric analysis has been kept 
constant and each parameter is analysed for the base model projected frontal area. Each of these 
parameters was checked for positive or negative effects on drag and lift force coefficients of the total 
body (with wheel), wheel and wheel-housing of the generic RMIT body. Each plot is showing the 
percentage chage with respect to the base model aerodynamic coefficients at 0% on the x-axis. The 
trends were further supported with CFD flow visualisation, wake comparisons and normalized 
velocity plots. Complex interferences make the analysis difficult to rationalise. However, efforts have 
been made to identify the flow mechanisms responsible for the changes in drag and lift for these 
parametric changes.   
 
The following nation was used in the plots describing the parametric effects for both front and rear 
wheel cases. 
1. WH : The pressure integrated aerodynamic forces on the wheel-housing surface alone 
2. Wheel : The pressure integrated aerodynamic forces on the wheel surface alone. 
3. Total-vehicle: Note that the forces on Total vehicle is not a just the sum of forces on WH and 
Wheel alone. The pressure integrated aerodynamic forces on the whole body, which includes                                
the wheel, wheel-housing and the rest of the body all together. 
 
The results are further summarised and rated in Results, Chapter 7 (Results Summary and Discussion) 
to provide an overview of the trends of parametric variations.  
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5.2 Front Wheel Parameters 
5.2.1 Aerodynamic Effect of Front Wheel Diameter 
Wheel diameter can be a contributor to variations in 
wheel-housing aerodynamic flows and hence to the overall 
vehicle aerodynamics. 
 
Wheel size in diameter, D has been varied by up to ±10% 
of the generic RMIT vehicle wheel size, with increments / 
decrements of 2.5%, keeping all other parameters the 
same.  The results were analysed for aerodynamic 
performance of the wheel, wheel-housing and the total 
vehicle. 
 
Figure 5.2: Front wheel diameter 
variation. 
 
In each case, the wheel remained in ground contact and the vehicle body was effectively maintained at 
the same ground clearance level. Wheel rotational speed was altered to maintain the same road speed. 
Figure 5.3 shows results for the effects of changes in wheel diameter.  
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Figure 5.3: Aerodynamic effects of front wheel diameter variations. 
 
Wheel diameter had a large impact on the flow structures, see Figure 5.4, both locally within the wake 
and those transmitted downstream. These effects on the drag and lift coefficients were gradual, as 
shown by the uniform trends in Figure 5.3.   
 
The drag forces exerted on the total-vehicle and wheel-housing were decreased as the wheel became 
larger, but the drag coefficient on the wheel remained relatively unaltered. The total-vehicle lift force 
coefficient rose noticeably with increase in wheel diameter but the lift coefficient of the wheel and 
wheel-housing were found to be unaltered. These results contradict with Cogotti’s (1983) test results, 
showing that the wheel size should be larger, for the same wheel-housing size to have lower lift of the 
total vehicle. However the trends of total vehicle drag were found to match Cogotti’s test findings. The 
reason for this variation from Cogotti’s results could be because of his low drag test vehicle 
representation and flow impingement on to the wheels. 
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Description Wheel diameter down by 10% Wheel diameter up by 10% 
Pa
th
 
lin
es
 
(re
le
as
ed
 
ah
ea
d 
o
f w
he
el
) 
in
 
th
e 
w
he
el
-
ho
u
sin
g 
re
gi
o
n
 
 
  
Is
o
-
su
rfa
ce
 
w
ak
e 
(C
P=
0) 
 
co
lo
u
re
d 
w
ith
 
n
o
rm
al
ise
d 
v
el
o
ci
ty
 
(U
/U
∞
) 
  
N
o
rm
al
ise
d 
v
el
o
ci
ty
 
(U
/U
∞
) o
v
er
la
id
 
w
ith
 
st
re
am
lin
es
 
al
o
n
g 
th
e 
w
he
el
 
 
ce
n
tr
e 
pl
an
e 
 
  
Figure 5.4: Flow structures of time independent simulations for changes in front wheel diameter. 
 
It can be observed from above flow visualisations, shown in Figure 5.4, that a smaller wheel diameter 
causes more complex flow structures inside the wheel-housing region. There is more wake 
contribution from the wheel and wheel-housing regions, compared to the larger wheel case. A bigger 
wheel diameter resulted in a larger area of separated flow from the sides of wheel, forming a wider 
wake. There was a delayed separation on the upper surface, reducing the height of the wake. The 
decreased area of separation on the larger wheel led to a smaller and weaker vortex produced by the 
wheel. The corresponding wake region on the front wall of the wheel-housing reduced with the 
increase of wheel diameter.  
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5.2.2 Aerodynamic Effect of Front Wheel Width 
Wheel width can be a contributor to variations in 
wheel-housing aerodynamic flows hence that of the 
overall vehicle aerodynamics. 
 
Wheel size in width was varied by up to ±20% of the 
generic RMIT vehicle wheel width, with increment / 
decrements of 10D%, keeping the other parameters 
unchanged, while maintaining the alignment with 
body side plane. The results were analysed for 
aerodynamic performance of the wheel, wheel-
housing and the total vehicle. 
 
 
 
Figure 5.5: Front wheel width variation. 
 
In each case, the wheel remained in ground contact and the vehicle body was effectively maintained at 
the same ground clearance level. Figure 5.6 shows results for the changes in wheel width.  
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Figure 5.6: Aerodynamic effects of front wheel width variation. 
 
Wheel width has a large impact on the flow structures, see Figure 5.7, both locally within the wake 
and those transmitted downstream. These effects on the drag and lift coefficients were gradual, as 
shown in Figure 5.6. The drag and lift forces exerted on the wheel, wheel-housing and the total-
vehicle increased as the wheel became wider.  
 
These results contradict with Cogotti’s (1983) test results, showing the wheel size should be greater, 
for the same wheel-housing size to have lower drag and lift of the total-vehicle.  
 
 
 
 
 
 
 
                                                                                                                                                                                                                                Satya Prasad Mavuri 
 
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Ph.D. Thesis                                                                                                                                                                                                         92 
Description Wheel width down by 20D% Wheel width up by 20D% 
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Figure 5.7: Flow structures of time independent simulations for changes in front wheel width. 
 
It can be observed, from flow visualisations shown in Figure 5.7, that a wider wheel has more complex 
flow structures inside the wheel-housing region, covering more of the wheel-housing width. A 
narrower wheel has more pressure recovery than the wider wheel, showing less wake contribution 
from the wheel and wheel-housing regions, compared to the wider wheel case. The wider wheel has 
more wake contribution from the wheel and wheel-housing regions, compared to the leaner wheel 
case. The wider wheel has resulted in a larger area of separated flow from the sides of the wheel, 
forming a wider wake. However, there was a delayed separation on the upper surface, reducing the 
height of the wake. The increased area of separation on the smaller wheel leads to a larger and 
stronger vortex produced by the wheel.  
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5.2.3 Aerodynamic Effect of Front Wheel Horizontal, Vertical Movement 
 
(a) 
 
                             (b) 
The wheel position inside the wheel-housing 
can be a contributor to variations in wheel-
housing aerodynamic flows and therefore to 
the overall vehicle aerodynamics. 
 
Consequently relative movement of the wheel 
in horizontal and vertical directions into the 
wheel-housing cavity was considered in this 
study of aerodynamic effects. 
Figure 5.8: Front wheel movement into cavity (a) and              
wheel vertical clearance height (b). 
 
The wheel was moved inside the wheel-housing horizontally to ±15D% (of the generic RMIT vehicle 
wheel diameter), with increment / decrements of 5D%, keeping the other parameters unchanged.  In 
another case study, the wheel was moved vertically into the wheel-housing by +10% (by moving the 
body down, thus keeping the wheel in contact with the ground) and out of the wheel-housing by -15%,  
(by moving the body up, thus keeping the wheel in contact with the ground) with increment/ 
decrements of 5D%, keeping the other parameters unchanged. For these changes, aerodynamic 
performance of the wheel, wheel-housing and the total vehicle were assessed. Figures 5.9 and 5.10 
show results for these changes in wheel movement.  
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Figure 5.9: Aerodynamic effects of front wheel’s horizontal shift into the wheel-housing cavity. 
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Figure 5.10:  Aerodynamic effects of front wheel’s vertical shift into wheel-housing cavity. 
 
The wheel position inside the wheel-housing cavity had a large impact on the flow structures, see 
Figure 5.11, both locally within the wake and those transmitted downstream. These effects on the drag 
and lift coefficients were gradual, as shown in Figures 5.9 and 5.10. The drag forces exerted on the 
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wheel, wheel-housing and the total-vehicle were essentially unaltered by horizontal shifting of the 
wheel into the wheel-housing cavity. However, the lift of the wheel showed a small increase and that 
of wheel-housing and total-vehicle decreased as the wheel size increased, but the drag on the wheel 
remained substantially unaltered. The lift force on the total vehicle rose with increase in wheel width 
however, the lift of the wheel and wheel-housing were found to be unaltered.  
 
Description Wheel is shifted horizontally into          
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Figure 5.11: Flow structures of time independent simulations for front wheel movement into the wheel-housing 
cavity. 
 
It can be observed, from the flow visualisations shown in Figure 5.11 that shifting the wheel 
horizontally into the wheel-housing cavity, immerses the wheel completely in the wake of the wheel-
housing region (refer to flow visualisation of the RMIT body without wheel). Reduced static pressure 
behind the wheel helps to reduce the lift experienced by the total vehicle, with the wheel moved 
horizontally.  
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In the case of vertical movement (wheel remaining in contact with ground, the vehicle being raised or 
lowered), as shown in Figure 5.11, more wheel clearance space results in simpler flow structures 
inside the wheel-housing region, there being empty space around the wheel. The wheel had more wake 
contribution from the wheel and wheel-housing regions, compared to the lesser wheel clearance case. 
More wheel clearance resulted in a larger area of separated flow from the sides of wheel, forming a 
wider wake. There was delayed separation on the upper surface, reducing the height of the wake. The 
decreased area of separation on the larger wheel led to a smaller and weaker vortex produced by the 
wheel. The corresponding wake region on the front wall of the wheel-housing increased with more 
wheel clearance. Increased static pressure behind the wheel may have helped to raise the lift 
experienced by the total vehicle, with vehicle vertical shift. However, this is also changing the distance 
of the entire body from the ground and it is likely that this is the main reason for the changes. 
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5.2.4 Aerodynamic Effect of Front Wheel Toe, Camber Angle 
Toe and camber are usually incorporated into a vehicle’s 
geometry. These wheel angles contribute to variations in wheel-
housing aerodynamic flows and therefore to the overall vehicle 
aerodynamics. 
 
Wheel toe/camber angles were varied by up to ±5o from the 
generic RMIT vehicle wheel zero toe/camber angle, with 
increment / decrements of 2.5o, keeping the other parameters 
unchanged.  
 
Figure 5.12: Front wheel toe, 
camber variation. 
 
In each case, the wheel remained in ground contact and the vehicle body was maintained at the same 
ground clearance level. Wheel rotational speed was not altered to account for any slippage due to toe 
in/out. In both the cases, the outer edge of the wheel was kept aligned with the vehicle body side wall 
as was the case in the generic base model so that there was no exposed potion of the wheel was outside 
the wheel-housing region. The results were analysed for aerodynamic performance of the wheel, 
wheel-housing and the total vehicle. Figures 5.13 and 5.15 show results for the changes in wheel toe 
and camber mounting angles.   
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Figure 5.13: Aerodynamic effects of front wheel toe angle. 
 
As expected, from Figure 5.14, wheel toe angle is seen to have a large impact on the flow structures 
both locally within the wake and those transmitted downstream. The effect on drag and lift coefficients 
were gradual as shown in Figure 5.13. The drag and lift forces exerted on the wheel, wheel-housing 
and total-vehicle increased with the wheel turned toe-out.  
 
It can be observed from the flow visualisations shown in Figure 5.14, that there is an increase in the 
size of the separated flow region from the side of the wheel and wheel-housing when the wheel was 
turned to toe-out, (away from the flow). Under the toe-out condition, the wheel-housing will 
experience more flow impingement and higher surface pressures on upper and rear surfaces resulting 
in higher drag and lift forces. 
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Description Wheel toe-in (-5o) Wheel toe-out (+5o) 
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Figure 5.14: Flow structures of time independent simulations for front wheel toe angle. 
 
Toe-out causes more complex flow structures inside the wheel-housing region, having wider space 
between wheel and wheel-housing. A negative pressure gradient exists on this side of the wheel and 
results in separation at toe-out angles. In toe-in the flow is more closely attached to the wheel, aligned 
with the body, wheel flow conditions. The increased area of separation at the side of the wheel results 
in a larger and stronger vortex being produced in the region near the ground and behind the wheel. 
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As expected and shown in Figure 5.16, a cambered wheel has an impact on the flow structures both 
locally within the wake and those transmitted downstream. These effects on the drag and lift 
coefficients were gradual as shown in Figure 5.15. The drag and lift forces exerted on the wheel and 
wheel-housing and total-vehicle decreased as the wheel cambered out.  
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Figure 5.15: Aerodynamic effects of cambered front wheel. 
 
It can be observed, from flow visualisations shown in Figure 5.16, that there is a slight decrease in the 
size of the separated flow region from the side of the wheel when the wheel is cambered out (away 
from the flow). The increased area of separation at the side of the wheel results in a larger and stronger 
vortex being produced in the region near the ground and behind the wheel. Also it was observed that 
there was delayed separation on the upper surface, reducing the height of the wake. The decreased area 
of separation on the larger wheel led to a smaller and weaker vortex produced by the wheel, with a 
cambered-out wheel. The corresponding wake region on the front wall of the wheel-housing grew with 
the decrease of camber-in wheel angle.  
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Description Wheel at camber-in (-5o) Wheel at camber-out (+5o) 
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Figure 5.16: Flow structures of time independent simulations for cambered front wheel. 
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5.3 Vehicle Front Body Parameters 
5.3.1 Aerodynamic Effect of Front Bumper Depth 
Vehicle front bumper depth (the vehicle body portion 
ahead of wheel) alters the flows coming into the wheel 
and wheel-housing region and therefore the overall 
vehicle aerodynamics. 
 
From the baseline bumper dimensions (see Appendix 
B.2), the bumper depth was varied from -75R% and up to 
+100R% (where R is the generic RMIT vehicle wheel 
radius), with increment / decrements of 25R%, keeping 
the remaining parameters unchanged.   
 
Figure 5.17:  Variation to vehicle front 
bumper depth. 
 
The results were analysed for aerodynamic performance of the wheel, wheel-housing and the total 
vehicle. Figure 5.18 shows results for the changes in vehicle body bumper depth.  
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Figure 5.18: Aerodynamic performance with front bumper depth variation. 
 
Vehicle body bumper depth had a large impact on the flow structures, see Figure 5.19, both locally 
within the wake and those transmitted downstream. These effects on the drag and lift coefficients were 
gradual as shown in Figure 5.18.  
 
The drag forces exerted on the total-vehicle and wheel-housing decreased as the bumper depth 
increased, but the drag on the wheel remained relatively unaltered. The lift force on the wheel-housing 
rose with an increase in bumper depth and the wheel lift decreased.  However the lift of the total 
vehicle was found to be relative constant for the range of variations tested.  
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Description Bumper depth down by 75%D Bumper depth up by 100D% 
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Figure 5.19: Flow structures of time independent simulations for variations in front bumper depth. 
 
It can be observed from flow visualisations, see Figure 5.19, a smaller bumper depth causes the wheel 
to be completely immersed in the wake of the wheel-housing region. There was a decrease in the size 
of the separated flow region from the side of the wheel when the wheel was further away from the 
vehicle bumper front edge. The decreased area of separation at the side of the wheel resulted in a 
smaller and weaker vortex being produced in the region near the ground and behind the wheel. It was 
also observed that there was delayed separation on the upper surface, reducing the height of the wake.  
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5.3.2 Aerodynamic Effect of Front Body Angled-in Sides 
  
(a) 
   
(b) 
Since some vehicles have non-
vertical sides, this was 
investigated by simple angling 
of the RMIT body sides. Front 
and rear sides were angled in 
independently.  
 
Figure 5.20: Vehicle front body side walls angled in to the wheel front 
(a) and rear (b). 
 
With these geometry changes, the wheel was kept in its standard location, thus when the front body 
side was angled in, the bottom of the front of the wheel was increasingly exposed to the flow. The 
body side angle was sliced by up to 10o from the generic RMIT vehicle, with increments of 2.5o, 
keeping the other parameters unchanged. The results were analysed for aerodynamic performance of 
the wheel, wheel-housing and the total vehicle. Figures 5.21 and 5.22 show results for the changes in 
body slice angles.  
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Figure 5.21: Aerodynamic effects of front wheel front side wall angle-in. 
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Figure 5.22: Aerodynamic effects of front wheel rear side wall angle-in. 
 
As expected, the angled-in sides altered the flows into the wheel and wheel-housing regions. It was 
found that when the front side angle increased the drag of the total vehicle increased, while reducing 
its lift. However, flow coefficients for wheel and wheel-housing were not altered significantly by 
altering the front side angle. The body side angle (wheel rear off side) improved the aerodynamics. 
Drag and lift decreased gradually with increased angled cut on the rear side of vehicle body.  
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Description Front-Side angled-in at 10o Rear-Side angled-in at 10o 
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Figure 5.23: Flow structures of time independent simulations for for front wheel side angled-in walls. 
 
It can be observed from the flow visualisations shown in Figure 5.23 that the wheel front side bumper 
cut causes the wheel to be immersed in the wake of the wheel-housing region. There was an increase 
in the size of the separated flow region from the side of the wheel when the rear side body was angled.  
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5.3.3 Aerodynamic Effect of Front Bumper Angle 
Vehicle body bumper inflow angle will vary the flow 
impinging directly into the wheel wheel-housing and 
therefore vary their aerodynamic flows and hence 
influence the overall vehicle aerodynamics. 
 
Vehicle bumper angle was varied by up to +20o from the 
generic RMIT vehicle wheel zero bumper angle, with 
increments of 5o, keeping the other parameters 
unchanged.  
 
Figure 5.24: Variation to the front bumper 
angle. 
 
The results were analysed for aerodynamic performance of the wheel, wheel-housing and the total 
vehicle. Figure 5.25 show results for the changes in bumper angle. 
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Figure 5.25: Aerodynamic effects of front bumper angle. 
 
As expected, from Figure 5.26, wheel bumper inflow angle has a large impact on the flow structures 
both locally within the wake and those transmitted downstream. The drag and lift forces exerted on the 
wheel, wheel-housing and total-vehicle were increased with increased bumper angle with the 
exception that lift on the wheel-housing decreased. The flow visualisation results were compared with 
RMIT base generic vehicle aerodynamics. 
 
It can be observed from flow visualisations shown in Figure 5.26 that there is an increase in the flow 
impingement into the wheel and wheel-housing region and resulting in change of the size of the 
separated flow region from the side of the wheel and wheel-housing with greater body bumper angle. 
An angled bumper has more complex flow structures inside the wheel-housing region, having more 
active flow impinging on the wheel and wheel-housing. Increased area of separation at the side of the 
wheel results in a larger and stronger vortex being produced in the region near the ground and behind 
the wheel. 
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Description Base generic model Bumper flow-in angle at 20o 
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Figure 5.26: Flow structures of time independent simulations for front bumper angle. 
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5.3.4 Aerodynamic Effect of Front Bumper Clearance Height 
Change in vehicle body bumper clearance height varies the 
flow impinging directly into the wheel and the wheel-
housing aerodynamic flows and hence modifies the overall 
vehicle aerodynamics. 
 
Bumper clearance height was varied from -40R% up to 
+30R% from the generic RMIT vehicle, with increment / 
decrements of 10R%, keeping the other parameters 
unchanged.  
 
 
Figure 5.27: Front bumper clearance 
height variation. 
 
The results were analysed for aerodynamic performance of the wheel, wheel-housing and the total 
vehicle. Figure 5.28 shows results for the changes vehicle bumper clearance height. 
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Figure 5.28: Aerodynamic effects of front bumper clearance height. 
 
As expected, from Figure 5.29, bumper clearance height had a large impact on the flow structures both 
locally within the wake and those transmitted downstream. The drag and lift forces exerted on the 
wheel, wheel-housing and total-vehicle increased with increased bumper clearance height with the 
exception that lift on the wheel decreased.  
 
It can be observed from the flow visualisations, shown in Figure 5.29 that a lowered bumper causes 
the wheel to be completely immersed in the wake of the wheel-housing region. There was a decrease 
in the size of the separated flow region from the side of the wheel when the bumper was lowered. 
However, the raised bumper delayed separation on the upper surface, reducing the height of the wake 
at the side of the wheel resulting in a smaller and weaker vortex being produced in the region near the 
ground and behind the wheel. Also observed, there was a delayed separation on the upper surface, 
reducing the height of the wake. The raised bumper will experience higher surface pressures on upper 
and rear surfaces resulting in higher drag and lift forces. 
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Description Bumper clearance height down 10D% Bumper clearance height up 10D% 
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Figure 5.29: Flow structures of time independent simulations for front bumper clearance height. 
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5.3.5 Aerodynamic Effect of Front Body Road Clearance Height 
Vehicle body road clearance would vary the flow 
emanating from the wheel and wheel-housing and 
hence that of the overall vehicle aerodynamics. 
 
The front of the underbody was kept at the baseline 
clearance and the rear body clearance height was 
varied from -30R% up to +40R% from generic RMIT 
vehicle, with increment / decrements of 10R%, 
keeping all other parameters unchanged. 
 
Figure 5.30: Variations to vehicle road 
clearance. 
 
The results were analysed for aerodynamic performance of the wheel, wheel-housing and the total 
vehicle. Figure 5.31 shows results for the changes in vehicle road clearance height.  
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Figure 5.31: Aerodynamic effect of vehicle road clearance.  
 
The vehicle road clearance height had a large impact on the flow structures, see Figure 5.32, both 
locally within the wake and those transmitted downstream. The drag and lift forces exerted on the 
wheel, wheel-housing and total-vehicle were decreased with increase in bumper clearance height with 
an exception of a slight increase in the lift on the wheel.  
 
A raised clearance height has reduced delayed separation on the upper surface, reducing the height of 
the wake at the side of the wheel, resulting in a smaller and weaker vortex being produced in the 
region near the ground and behind the wheel. But in case of lowered road clearance, the wheel 
experiences more separation on the side, delayed separation on top side, which has further produced 
stronger vortex from the upper corner of the wheel-housing. 
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Description Vehicle body clearance  
down by 30D% 
Vehicle body clearance  
up by 40D% 
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Figure 5.32: Flow structures of time independent simulations for vehicle road clearance heights. 
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5.4 Front Wheel-Housing Parameters 
5.4.1 Aerodynamic Effect of Front Wheel-Housing Corner Fillet Fill 
 
Front corner edge fillet  
(F fill) 
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Front and rear edge fillet  
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Side front corner edge fillet 
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Side rear  corner edge fillet  
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Side top corner edge fillet 
 (ST fill) 
Figure 5.33: Fillet fills to the front wheel-housing wall corners. 
 
Wheel-housing corner edges were filled with fillets and analysed for aerodynamic effects on wheel, 
wheel-housing and total vehicle body. Each fillet radius was varied up to 125R% from generic RMIT 
vehicle, with increment of 25R%, keeping the other parameters unchanged. Figure 5.34 shows results 
for the changes wheel-housing shape with fillet filled corner edges.  
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Figure 5.34: Aerodynamic effects of fillet filling to the front wheel-housing wall corners. 
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It appears from Figure 5.35, that for a vehicle with modified wheel-housing (fillet filled corners) in 
general reduces drag and increase lifts by nominal amounts for the amount of filling carried in this 
study. The wheel are relatively unaffected by filling the corners. 
 
However, FR fillet apparently smoothened the internal vortices and absorbed the wake generated at the 
front face wall of the wheel-housing. SR filling appeared to have more aggressive vortex generated at 
the rear side of the wheel-housing further supported by the flow visualisation and wake studies given 
in the following figure. It was noted that the wake generated by the wheel sides and lower portions 
didn’t show significant difference to the changes internally inside the wheel-housing region. 
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Figure 5.35: Flow structures of time independent simulations for fillet filled front wheel-housing wall corners. 
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5.4.2 Aerodynamic Effect of Front Wheel-Housing Fillet Cover 
 
Front fillet Cover  
(F cover) 
Rear fillet cover  
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(FR cover) 
Figure 5.36: Variations to the fillet cover plate on the front wheel-housing. 
 
Wheel-housing corners were covered with fillet plates of 2mm thick and analysed for aerodynamic 
effects on the wheel, wheel-housing and total vehicle body. Each fillet cover plate radius was varied 
up to 125R% from that of the generic RMIT vehicle, with increment of 25R%, leaving the other 
parameters unchanged. Figure 5.37 shows results for the changes wheel-housings with fillet plate 
covered corner edges.  
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Figure 5.37: Aerodynamic effect of front wheel-housing fillet cover. 
 
 
It appears from Figure 5.38 that the vehicle with modified wheel-housing (fillet-plate covered front, 
rear corners) in general experiences reduced drag by nominal amount and increases lifts by greater 
amounts for the extent of covering explored in this study. The wheel and whee-housings were 
relatively unaffected by covering the corners. However, R-fillet-cover apparently bulged the wheel 
rear top vortex and generated wake at the front face wall of the wheel-housing. It was noted that the 
wake generated by the wheel sides and lower portions didn’t show significant difference to the 
changes internally inside the wheel-housing region. 
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Description Frontrear fillet cover of radius 125R% Rear fillet cover of radius 125R% 
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Figure 5.38: Flow structures of time independent simulations for fillet covers to the front wheel-housing. 
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5.4.3 Aerodynamic Effect of Front Wheel-Housing Corner Chamfer Fill 
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Figure 5.39: Variations to the chamfer fill, with angle and length of chamfer as main parameters. 
 
Wheel-housing corner edges were filled with angled chamfers and analysed for aerodynamic effects 
on the wheel, wheel-housing and total vehicle body. Each chamfered fill was varied for lengths up to 
125R% of those of the generic RMIT vehicle, with increment of 25R%, angled at 30o, 45o,60o as 
shown in Figure 5.39, keeping the other parameters unchanged. Figure 5.40 shows results for the 
changes in wheel-housing shape with angled chamfer filled corner edges.  
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Figure 5.40: Aerodynamic effect of front whee-housing chamfer filled walls. 
 
Varying the wheel-housing shape with filled chamfered corners had a nominal impact on the flow 
coefficients but appeared that large changes occur in the flow structures, see Figure 5.40, both locally 
within the wake and those transmitted downstream. These effects on drag and lift coefficients were 
gradual as shown in Figure 5.40.  
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Description Frontrear 30o chamfer fill Siderear 60o chamfer fill 
Pa
th
 
lin
es
 
(re
le
as
ed
 
ah
ea
d 
o
f w
he
el
) 
in
 
th
e 
w
he
el
-
ho
u
sin
g 
re
gi
o
n
 
  
Is
o
-
su
rfa
ce
 
w
ak
e 
(C
P=
0) 
 
co
lo
u
re
d 
w
ith
 
n
o
rm
al
ise
d 
v
el
o
ci
ty
 
(U
/U
∞
) 
  
N
o
rm
al
ise
d 
v
el
o
ci
ty
 
(U
/U
∞
) o
v
er
la
id
 
w
ith
 
st
re
am
lin
es
 
al
o
n
g 
th
e 
w
he
el
 
 
ce
n
tr
e 
pl
an
e 
 
  
Figure 5.41: Flow structures of time independent simulations forchamfer filled front wheel-housing wall 
corners. 
 
 
 
 
 
 
 
 
 
                                                                                                                                                                                                Satya Prasad Mavuri 
 
Ph.D. Thesis                                                                                                                                                                                                        117 
5.4.4 Aerodynamic Effect of Front Wheel-Housing Chamfer Cover 
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(F cover) 
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(R cover) 
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Figure 5.42: Variations to the angled chamfer cover plate on the front wheel-housing. 
 
Wheel-housing corners were covered with angled chamfer plates of 2mm thick and analysed for 
aerodynamic effects on the wheel, wheel-housing and total vehicle body. Each chamfer cover plate’s 
length was varied by up to 125R% of that of the generic RMIT vehicle, with increments of 25R%, 
keeping the other parameters unchanged. Figure 5.43 shows results for the changes wheel-housing 
shape with fillet filled corner edges.  
 
Drag  Vs  WH 30deg-Chamfer Cover
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0% 25% 50% 75% 100% 125%
Length of Chamfer cover  = % Wheel Rad
D
ra
g 
Co
ef
fic
ie
n
t
Wheel
F/FR/R cover
   WH 
R/FR/F cover
Vehicle 
R/FR/F cover
Lift  Vs  WH 30deg-Chamfer Cover
-0.1
0
0.1
0.2
0.3
0.4
0.5
0.6
0% 25% 50% 75% 100% 125%
Length of Chamfer cover  = % Wheel Rad
Li
ft 
Co
e
ffi
ci
en
t
Wheel
F/R/FR cover
WH 
FR/R/F cover
Vehicle 
FR/R/Fcover
Drag  Vs  WH 45deg-Chamfer Cover
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0% 25% 50% 75% 100% 125%
Length of Chamfer cover  = % Wheel Rad
D
ra
g 
Co
ef
fic
ie
n
t
Wheel
F/FR/R cover
WH 
R/FR/F cover
Vehicle 
R/FR/F cover
Lift  Vs  WH 45deg-Chamfer Cover
-0.1
0
0.1
0.2
0.3
0.4
0.5
0.6
0% 25% 50% 75% 100% 125%
Length of Chamfer cover  = % Wheel Rad
Li
ft 
Co
e
ffi
ci
en
t
Wheel
F/R/FR cover
WH 
FR/R/F cover
Vehicle 
FR/R cover
Vehicle 
Fcover
Drag  Vs  WH 60deg-Chamfer Cover
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0% 25% 50% 75% 100% 125%
Length of Chamfer cover  = % Wheel Rad
D
ra
g 
Co
ef
fic
ie
n
t
Wheel
FR/R/F cover
WH 
R/F/FR cover
Vehicle 
R/F/FR cover
Lift  Vs  WH 60deg-Chamfer Cover
-0.1
0
0.1
0.2
0.3
0.4
0.5
0.6
0% 25% 50% 75% 100% 125%
Length of Chamfer cover  = % Wheel Rad
Li
ft 
Co
e
ffi
ci
en
t
Wheel
F/R/FR cover
WH 
FR/R/F cover
Vehicle 
FR/R cover
Vehicle 
Fcover
Figure 5.43: Aerodynamic effect of front wheel-housingchamfer cover plate. 
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It appears from Figure 5.43 that the vehicle with modified wheel-housing (chamfer plate covered 
front, rear corners) in general experiences un-effected drag but increased lifts by nominal amounts for 
the extent of filling considered in this study. The wheel and whee-housings were relatively unaffected 
by covering the corners. 
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Figure 5.44: Flow structures of time independent simulations for front wheel-housing with chamfer cover plate. 
 
 
 
 
 
 
                                                                                                                                                                                                Satya Prasad Mavuri 
 
Ph.D. Thesis                                                                                                                                                                                                        119 
5.4.5 Aerodynamic Effect of Front Wheel-Housing Angled Walls 
 
Front wall angled with height 
 (FH) 
 
Front wall angled with width  
(FW) 
 
 
Rear  wall angled with height  
(RH) 
 
 
Rear wall angled with height 
 (RW) 
 
Side wall angled from rear 
 (LR) 
 
 
Side wall angled from front 
 (LF) 
 
 
Top wall angled from rear 
 (LR) 
 
 
Top wall angled from front 
 (LF) 
 
Side wall angled from side  
(LS) 
 
Top wall angled from side 
 (LS) 
Figure 5.45: Angled front wheel-housing walls. 
 
Wheel-housing inner walls were angled from various sides as shown in Figure 5.44 and analysed for 
aerodynamic effects on the wheel, wheel-housing and total vehicle body. The angle of each wall was 
varied by up to 15-30o from that of the generic RMIT vehicle, with increment of 5o, keeping the other 
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parameters unchanged. Figure 5.46 shows results for the changes wheel-housing shape with angled 
walls.  
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Figure 5.46: Aerodynamic effects of angled front wheel-housing walls. 
 
It appears from Figure 5.46 that the front and rear angled walls of the wheel-housing decrease the drag 
and increase lift of the total vehicle with rear wall slanting being more effective even in reducing drag 
component of the wheel-housing. However, it was apparent that side and top angled walls increased 
the drag and decreased the lift except that the angled side front wall increased the lift.  
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Figure 5.47: Flow structures of time independent simulations for front wheel-housing with angled walls. 
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5.4.6 Aerodynamic Effect of Front Wheel-Housing Size - Gap around the Wheel  
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Figure 5.48: Variation to the front wheel-housing size with gaps around the wheel. 
 
Vehicle wheel-housing size is an important factor which directly effects the wheel and wheel-housing 
flows and hence the aerodynamics of the overall vehicle. Each of the side walls (front, rear, side and 
top walls) were moved up to 10-20D% from their positions in the generic RMIT vehicle, with 
increment of 5R%, keeping the other parameters unchanged. Figure 5.49 shows results for the 
modified wheel-housing sizes, keeping the wheel and other body parameters unchanged.  
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Figure 5.49: Aerodynamic effects of gap around the front wheel and wheel-housing cavity. 
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The results contradict Cogotti’s (1983), findings that the wheel-housing size should be smaller to have 
lesser drag or lift. Inturn it was found that more gap on the wheel top had raised the drag. More side 
gap between the wheel inner side and the wheel-housing had given larger free space for the air flow to 
move to the rear side, hence lesser drag. Lift was reduced with gap either on top or side of the wheel. 
But more spacing to the front that the rear side of the wheel had more reduction in drag of the vehicle 
than keeping more gap to the rear side of the wheel, for similar reductions in the lift values. 
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Figure 5.50: Flow structures of time independent simulations for front wheel-housing size. 
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5.4.7 Aerodynamic Effect of Front Wheel-Housing Skirting 
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Figure 5.51: Skirting to the front wheel-housing geometry. 
 
Skirting is small plate of 2mm thick added to the side edges of the wheel-housing walls to alter the 
aerodynamic behaviour of the wheels. For the purpose of the study, various side edged plates are 
takes into consideration, as shown in Figure 5.51.  Wheel-skirting lengths were varied up to 30R% of 
the generic RMIT vehicle wheel radius, with increments of 10R%, keeping the other parameters 
unchanged. The results were analysed for aerodynamic performance of the wheel, wheel-housing and 
the total vehicle. Figure 5.51 shows results for the changes in skirting size.  
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Figure 5.52: Aerodynamic effects of skirting to front wheel-housing. 
 
From Figure 5.52, it appears that skirts have a considerable effect on drag and lift of the total vehicle. 
It increased the wake generated by the wheel-housing walls, which immersed the wheel and inturn 
reducing the wheel effects.  
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Figure 5.53: Flow structures of time independent simulations for front wheel-housing skirting. 
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5.4.8 Aerodynamic Effect of Front Wheel-Housing Deflector 
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Figure 5.54: Wheel deflectors to the front wheel-housing geometry. 
 
A deflector is a small plate of 2mm thick added to the side edges of the wheel-housing walls to alter the 
aerodynamic behaviour of the wheels. For the purpose of the study, various side edged plates were 
considered, as shown in Figure 5.54.  Wheel deflector lengths were varied up to 20-30D% of the 
generic RMIT vehicle wheel diameter, with increments of 10D%, keeping other parameters unchanged. 
The results were analysed for aerodynamic performance of the wheel, wheel-housing and the total 
vehicle. Figure 5.55 shows results for the changes in deflector size.  
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Figure 5.55: Aerodynamic effects of wheel deflectors of the front wheel-housing. 
 
It is apparent from Figure 5.55 that a rear wheel deflector had adverse effects of increasing drag and lift 
for the total-vehicle. However, drag lift values have decreased and then increased for the front and side 
deflectors.  
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Figure 5.56: Flow structures of time independent simulations for the front wheel-housing deflectors. 
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 5.5 Chapter Conclusions 
Aerodynamic performance of generic RMIT vehicle, in straight configuration, representing the front 
wheel portion of vehicle, was analysed for various parametric modification to wheel, wheel-housing 
and body geometries. Effects arising from changing the wheel configuration (size, width, toe/camber 
angle, location) and the body bumper (length, road clearance) were immediately apparent. Some of the 
changes to the wheel-housing cavity had no aerodynamic impacts hence they could be applied to 
achieve more working space around the rear wheels. These results are further summarised and 
discussed in Chapter 7. 
  
Because of the complexity involved and interdependence of parametric effects, the study has 
concentrated only on the individual parametric effects of wheel-housing along with wheel and body. 
The study has given a simple insight into the importance of wheel-housing geometry in further 
improving the aerodynamic performance of the total vehicle.  
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CHAPTER 6 
Rear Wheel-Housing Aerodynamics – Parametric Study 
 
In this chapter, the effects of rear wheel and wheel-housing parameters on the aerodynamics of a 
generic vehicle body are evaluated via CFD for the condition of driving in still air. The purpose of this 
investigation was to provide insight into the effects of parametric variations of rear wheel, wheel-
housing and rear bumper shapes on the overall aerodynamics of the main vehicle.  
 
6.1 Over View of Rear Wheel and Wheel-Housing Parameters 
The rear wheel-housing separates the wheel and passenger and luggage bay further accommodates 
suspension and drive mechanisms of the vehicle. The housing is designed to provide enough working 
space for the wheel movement required for suspension, drive, braking and flexible wheel maintenance 
operations. Also the new vehicles are more streamlined and compact whilst maintaining similar 
functions to bigger vehicles. This has further placed importance on rear wheel-housing shape in terms 
of size and aerodynamics (e.g. drag / wheel spray).  
 
 
Figure 6.1: Rear wheel-housing designs showing the complexity and possible geometric variations. 
 
Due to complexity and wide possibilities available with wheel and wheel-housing geometries, the 
current study has focussed on effects of individual parameters alone and was confined to size, angular 
variations only. Even though sealed rear wheel-housing is available with some model vehicles, it is 
highly non popular, non-selling concept in the vehicle industry. Hence, the following study only 
includes those parametric changes, similar to those carried out on the front wheel-housing. The rear 
wheel, wheel-housing parametric analysis was carried out with RMIT generic vehicle in reverse 
orientations, which represents the rear wheel portion of vehicle. 
 
The following parameters were considered in this research:  
1. Rear Wheel Effects: Aerodynamic effects of a generic RMIT vehicle’s rear-wheel (generic 
RMIT vehicle in reverse configuration) were checked and analysed mainly for size variations 
(wheel diameter and width), wheel mounting location (horizontal or vertical shifts into the 
wheel-housing cavity) and its angular mounting position (wheel toe and camber). 
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2. Effects of Body Dimensions: Aerodynamic effects of the rear bumper portion of the generic 
RMIT vehicle’s body were checked and analysed mainly for some of body parameters which 
affect the airflow leading into wheel-housing area including bumper length, bumper height, 
bumper angle (rear, side) and body road clearance.  
 
3. Rear Wheel-Housing Effects: Aerodynamic effects of the generic RMIT vehicle’s wheel-
housing shape were checked and analysed mainly for some of basic size variations which 
would affect the aerodynamics of the whole body. Due to the wide range of possibilities, the 
study was limited to  some of the simple parametric variations to the generic wheel-housing 
rectangular box shape including its size (variation to length, width and depth), edge filling 
(fillet, 30 o, 45 o, 60o angled chamfer), wheel-housing cover plates (fillet plate, 30 o, 45 o, 60o 
angled chamfer plate), angled walls (front, rear, side, top), wheel clearance size (gap around 
the wheel) and deflectors and skirts (small plates attached to  wheel-housing front, rear, side 
walls).  
 
The parametric study is carried out in CFD following the same grid-optimised simulation scheme as 
detailed in Chapter 4. Each of these parameters was checked for a positive, negative effect on drag and 
lift force coefficients of the total body (with wheel), wheel and wheel-housing of the generic RMIT 
body. The trends were further supported with CFD flow visualisation, wake comparisons and 
normalized velocity plots. Complex interferences make the analysis difficult to rationalise. However, 
efforts have been made to identify the flow mechanisms responsible for the changes in drag and lift for 
these parametric changes.   
 
The results are further summarised, rated in Results, Chapter 7 (Resutls Summary and Discussion) to 
provide an overview of the trends of parametric variations.  
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6.2 Rear Wheel Parameters 
6.2.1 Aerodynamic Effect of Rear Wheel Diameter 
Wheel diameter can be a contributor to variations in 
wheel-housing aerodynamic flows hence to the overall 
vehicle aerodynamics. 
 
Wheel diameter has been varied by up to ±10% of the 
generic RMIT vehicle wheel diameter with increments / 
decrements of 2.5%, keeping all other parameters same.  
The results were analysed for aerodynamic performance of 
the wheel, wheel-housing and the total vehicle. 
 
Figure 6.2: Rear wheel diameter 
variation. 
 
In each case, the wheel remained in ground contact and the vehicle body was effectively maintained at 
the same ground clearance level. Wheel rotational speed was altered to maintain the same road speed. 
Figure 6.3 shows results for the effects of changes in wheel diameter.  
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Figure 6.3: Aerodynamic effects of rear wheel diameter variations. 
 
The wheel diameter had a large impact on the flow structures, see Figure 6.4, both locally within the 
wake and those transmitted downstream. These effects on the drag and lift coefficients were gradual as 
shown by uniform trends in Figure 6.3.  
 
The drag forces exerted on the total-vehicle and wheel-housing were decreased as the wheel became 
larger, but the drag on the wheel remained relatively unaltered. The lift force of the wheel and total-
vehicle were relatively unaffected by the wheel diameter changes, but that of wheel-housing has 
dropped with increase in wheel diameter size. These results contradict with Cogotti’s, 1983, test 
results, showing the wheel size should be larger, for the same wheel-housing size to have lower lift of 
the total vehicle. However, trend on drag of total vehicle is found to match with his tests. The reason 
for this variation from Cogotti’s results could be because of his low drag test vehicle representation 
and flow impingement on to the wheels. 
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Description Wheel diameter down by 10% Wheel diameter up by 10% 
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Figure 6.4: Flow structures of time independent simulations for changes in rear wheel diameter. 
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6.2.2 Aerodynamic Effect of Rear Wheel Width 
Wheel width can be a contributor to variations in 
wheel-housing aerodynamic flows hence that of the 
overall vehicle aerodynamics. 
 
Wheel width was varied up to ±20% of the generic 
RMIT vehicle wheel diameter, with increment / 
decrements of 10D%, keeping other parameters 
unchanged, while maintaining the alignment with 
body side plane.  The results were analysed for 
aerodynamic performance of the wheel, wheel-
housing and the total vehicle. 
 
Figure 6.5: Rear wheel width variation. 
 
In each case, the wheel remained in ground contact and the vehicle body was effectively maintained at 
the same ground clearance level. Figure 6.6 shows results for the changes in wheel width.  
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Figure 6.6: Aerodynamic effects of rear wheel width variations. 
 
The wheel width had a large impact on the flow structures, see Figure 6.7, both locally within the 
wake and those transmitted downstream. These effects on the drag and lift coefficients were gradual, 
as shown in Figure 6.6. The drag forces exerted on the wheel, wheel-housing are decreased by a 
nominal amount whereas drag of the total vehicle has increased as the wheel became wider. But there 
is a significant raise on the lift forces of the vehicle, wheel and wheel-housing as the wheel became 
wider. 
 
These results contradict with Cogotti’s (1983) test results, showing the wheel size should be greater, 
for the same wheel-housing size to have lower lift of the total-vehicle. However, the analysis here 
matches with his drag results but is found to be relatively lesser amount of reduction. 
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Figure 6.7: Flow structures of time independent simulations for changes in rear wheel width. 
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6.2.3 Aerodynamic Effect of Rear Wheel Horizontal, Vertical Movement 
 
(a) 
 
                             (b) 
The wheel position inside the wheel-housing 
can be a contributor to variations in wheel-
housing aerodynamic flows and therefore to 
the overall vehicle aerodynamics. 
 
Consequently relative movement of wheel in 
horizontal and vertical directions into the 
wheel-housing cavity was considered in 
study of aerodynamic effects. 
Figure 6.8: Rear wheel movement into cavity (a) and 
wheel vertical clearance height (b). 
 
The wheel was moved inside the wheel-housing horizontally to ±15D% (of generic RMIT vehicle 
wheel diameter), with increment / decrements of 5D%, keeping other parameters unchanged. In 
another case study, the wheel was moved vertically into the wheel-housing by +10% (by moving the 
body down, thus keeping the wheel in contact with the ground) and out of the wheel-housing geometry 
by -15% (by moving the body up, thus keeping the wheel in contact with the ground), with increment/ 
decrements of 5D%, keeping rest of the parameters same. For these changes, aerodynamic 
performance of the wheel, wheel-housing and the total vehicle were assessed. Figure 6.9 shows results 
for the changes in wheel movement. 
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Figure 6.9: Aerodynamic effects of rear wheel movement inside the wheel-housing cavity. 
 
The wheel position inside the wheel-housing cavity had a large impact on the flow structures, see 
Figure 6.10, both locally within the wake and those transmitted downstream. These effects on the drag 
and lift coefficients were gradual as shown in Figure 6.9. 
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Description Wheel shifted horizontally into           
wheel-housing cavity by 15D% 
Wheel shifted vertically up into   
wheel-housing cavity by 10D% 
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Figure 6.10: Flow structures of time independent simulations for rear wheel movement into the wheel-housing 
cavity. 
 
The drag forces exerted on the wheel, wheel-housing and the total-vehicle were relatively unaltered by 
horizontal shifting of the wheel into the wheel-housing cavity. However, the lift of wheel and total-
vehicle had increased and that of wheel-housing had relatively unaltered as the wheel shifted inside the 
cavity. It can be observed from above flow visualisations, Figure 6.10, shifting the wheel horizontally 
into the wheel-housing cavity, makes the wheel being completely immersed in the wake of wheel-
housing region (refer to flow visualisation of RMIT body without wheel).  The drag forces exerted on 
the wheel, wheel-housing and the total-vehicle were decreased with wheel being shifted vertically up 
into the wheel-housing cavity, leaving less gap between the wheel top and the wheel-housing. Similar 
effects are found for lift also on the total-vehicle and wheel-housing with an exception that, the lift 
force of the wheel has risen nominally.  
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6.2.4 Aerodynamic Effect of Rear Wheel Toe, Camber Angle 
Toe and camber are usually incorporated into a vehicles’ 
dynamics. These wheel angles contribute to variations in wheel-
housing aerodynamic flows and therefore to the overall vehicle 
aerodynamics. 
 
Wheel toe/camber angles were varied up to ±5o from the 
generic RMIT vehicle wheel zero toe/camber angle, with 
increment / decrements of 2.5o, keeping the other parameters 
same.  
Figure 6.11: Rear wheel toe, camber 
variation. 
 
In each case, the wheel remained in ground contact and the vehicle body was effectively maintained at 
the same ground clearance level. Wheel rotational speed was not altered to account for any slippage 
due to toe in/out. . In both the cases, the outer edge of the wheel was kept aligned with the vehicle 
body side wall as was the case in the generic base model so that there was no exposed potion of the 
wheel was outside the wheel-housing region. The results were analysed for aerodynamic performance 
of the wheel, wheel-housing and the total vehicle. Figures 6.12 and 6.14 show results for the changes 
in wheel toe and camber mounting angles.   
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Figure 6.12: Aerodynamic effects of rear wheel toe angle. 
 
As expected, from Figure 6.12, wheel toe angle is seen to have a minor impact on the flow structures 
both locally within the wake and those transmitted downstream. These effects were gradual, shown by 
the uniform trend of drag and lift of the total-vehicle. The drag forces exerted on the total-vehicle 
increased slightly as the wheel turned toe-out; however the lift forces of the total-vehicle had dropped. 
Toe angle had minor effects on the lift forces of wheel and wheel-housing.  
 
It can be observed from the above flow visualisations, Figure 6.13, that there is an increase in the size 
of the separated flow region from the side of the wheel, wheel-housing when the wheel was turned to 
toe-out, (away from flow). Toe-out wheel-housing will experience more flow impingement and higher 
surface pressures on top and rear surfaces resulting in higher drag forces. 
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Figure 6.13: Flow structures of time independent simulations rear wheel toe angle. 
 
 
Drag Vs Wheel Camber Angle
WH
Total vehicle
Wheel
0
0.1
0.2
0.3
0.4
0.5
0.6
-5 -4 -3 -2 -1 0 1 2 3 4 5
Camber Angle (deg)
D
ra
g 
Co
e
ffi
c
ie
n
t
Camber In Camber Out
 
Lift Vs Wheel Camber Angle
WH
Total vehicle
Wheel
-0.25
-0.2
-0.15
-0.1
-0.05
0
0.05
0.1
0.15
-5 -4 -3 -2 -1 0 1 2 3 4 5
Camber Angle (deg)
Li
ft 
Co
e
ffi
c
ie
n
t
Cambere In Camber Out
 
Figure 6.14: Aerodynamic effects of cambered rear wheel. 
 
As expected, from Figure 6.14, a cambered wheel has a minor impact on the flow structures both 
locally within the wake and those transmitted downstream. The drag forces exerted on the wheel, 
wheel-housing and total-vehicle are unaffected with wheel camber angle. But the lift forces for the 
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wheel and total-vehicle has increased with camber out angle, however the wheel-housing lift is 
unaffected.  
 
It can be observed from above flow visualisations, Figure 6.15, that there is an increase in the size of 
the separated flow region from the side of the wheel when the wheel is cambered out (away from 
flow).  
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Figure 6.15: Flow structures of time independent simulations for cambered rear wheel. 
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6.3 Vehicle Rear Body Parameters 
6.3.1 Aerodynamic Effect of Rear Bumper Depth 
Vehicle bumper depth (the vehicle body portion behind 
rear wheel) would alter the flows leaving the wheel and 
wheel-housing region and therefore the overall vehicle 
aerodynamics. 
 
From the baseline bumper dimensions (see Appendix 
B.2), the bumper depth was varied from -75R% and up to 
+100R% of the generic RMIT vehicle wheel radius, with 
increment / decrements of 25R%, keeping the remaining 
parameters unchanged.   
 
Figure 6.16:  Variation to vehicle rear bumper 
depth. 
 
The results were analysed for aerodynamic performance of the wheel, wheel-housing and the total 
vehicle. Figure 6.17 shows results from the changes in vehicle body bumper length. 
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Figure 6.17: Aerodynamic performance with rear bumper depth variation. 
 
Vehicle body bumper depth had a large impact on the flow structures, see Figure 6.18, both locally 
within the wake and those transmitted downstream. These effects on the drag and lift coefficients were 
gradual as shown in Figure 6.17.  
 
The drag forces exerted on the total-vehicle decreased with as the bumper length is increased, but the 
drag on the wheel and wheel-housing remained relatively unaltered. The lift force of wheel-housing 
dropped to certain bumper depth and then rose with greater bumper depth compared to the generic 
model. However the lift of the wheel and wheel-housing was found to be relative constant for the 
range of variations tested.  
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Description 75%D shorter bumper depth 100D% longer bumper depth 
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Figure 6.18: Flow structures of time independent simulations for variations in rear bumper depth. 
 
It can be observed from above flow visualisations, Figure 6.18, longer bumper depth made the wheel 
being completely immersed in the wake of wheel-housing region. There was an increase in the size of 
the separated flow region from the side of the wheel when the wheel was further away from the 
vehicle bumper rear edge.  
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6.3.2 Aerodynamic Effect of Rear Body Angled-in Sides  
 (a)   (b) 
Since some vehicles have non-vertical 
sides, this was investigated by simple 
angling of the RMIT body sides. Front 
and rear sides were angled in 
independently.  
 
 
Figure 6.19: Vehicle rear body side walls angled in to the wheel 
front (a) and rear (b). 
 
With these geometry changes, the wheel was kept in its standard location, thus when the front body 
side was angled in, the bottom of the front of the wheel was increasingly exposed to the flow. 
 
The body side angle was sliced by up to 10o from the generic RMIT vehicle, with increments of 2.5o, 
keeping the other parameters unchanged. The results were analysed for aerodynamic performance of 
the wheel, wheel-housing and the total vehicle. Figures 6.20 and 6.21 show results for the changes in 
body slice angles.  
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Figure 6.20: Aerodynamic effects of rear wheel front side wall angle-in. 
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Figure 6.21: Aerodynamic effects of rear wheel rear side wall angle-in. 
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As expected, the angled-in sides altered the flows into the wheel and wheel-housing regions. It was 
found that when front side was angled-in the lift of the total-vehicle, wheel-housing had increased 
significantly while major effect was noticed on body drag coefficient. However, lift has decreased 
with increasing front body side cut angle. But the body (wheel rear off side) side angles have minor 
effects on aerodynamics of vehicle over the tested range. 
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Figure 6.22: Flow structures of time independent simulations for rear wheel side angled-in walls. 
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6.3.3 Aerodynamic Effect of Rear Bumper Angle 
Vehicle body bumper flow out angle would vary the 
flow leaving off the wheel, wheel-housing aerodynamic 
flows hence influence the overall vehicle aerodynamics. 
 
Vehicle bumper angle was varied up to +20o from 
generic RMIT vehicle wheel zero bumper angle, with 
increment of 5o, keeping other parameters unchanged. 
The results were analysed for aerodynamic performance 
of the wheel, wheel-housing and the total vehicle.  
Figure 6.24 shows results for the changes in rear bumper 
angle.  
 
Figure 6.23: Variation to the rear bumper 
angle. 
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Figure 6.24: Aerodynamic effects of rear bumper angles. 
 
As expected, from Figure 6.25, wheel bumper flow off angle has a large impact on the flow structures 
both locally within the wake and those transmitted downstream. These effects on the drag and lift 
coefficient were gradual as shown in Figure 6.24. The drag had increased while lift of the total-vehicle 
decreased with higher bumper angles. However, forces on wheel and wheel-housing were relatively 
having minor impact by this change. The flow visualisation results were compared with RMIT base 
generic vehicle aerodynamics. 
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Figure 6.25: Flow structures of time independent simulations for rear bumper angle. 
 
 
 
 
 
 
 
 
 
 
                                                                                                                                                                                                Satya Prasad Mavuri 
 
Ph.D. Thesis                                                                                                                                                                                                        147 
6.3.4 Aerodynamic Effect of Rera Bumper Clearance Height 
Change in vehicle body rear bumper clearance height varies 
the flow leaving the wheel and wheel-housing aerodynamic 
flows and hence modifies the overall vehicle aerodynamics. 
 
Bumper clearance height was varied from -40R% up to 
+30R% from the generic RMIT vehicle, with increment / 
decrements of 10R%, keeping the other parameters 
unchanged.  
Figure 6.26: Rear bumper clearance 
height variation. 
 
The results were analysed for aerodynamic performance of the wheel, wheel-housing and the total 
vehicle. Figure 6.27 shows results for the changes vehicle bumper clearance height.  
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Figure 6.27: Aerodynamic effects of rear bumper clearance height. 
 
As expected, from Figure 6.27, bumper clearance height had a large impact on the flow structures both 
locally within the wake and those transmitted downstream. These effects were gradual as shown by the 
uniform trend of drag and lift of the total vehicle. The drag had increased while lift of the total-vehicle 
had highly decreased with higher bumper clearance. However, forces on wheel and wheel-housing 
were relatively having minor impact by this change.  
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Figure 6.28: Flow structures of time independent simulations for rear bumper clearance height. 
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6.3.5 Aerodynamic Effect of Rear Body Road Clearance Height 
Vehicle body road clearance would vary the flow 
emanating from the wheel and wheel-housing and 
hence that of the overall vehicle aerodynamics. 
 
Bumper clearance height was varied from -30R% up 
to +40R% from generic RMIT vehicle, with increment 
/ decrements of 10R%, keeping all other parameters 
unchanged. 
 
Figure 6.29: Variations to vehicle road 
clearance. 
 
The results were analysed for aerodynamic performance of the wheel, wheel-housing and the total 
vehicle. Figure 6.30 shows results for the changes in vehicle road clearance height.  
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Figure 6.30: Aerodynamic effect of vehicle road clearance. 
 
As expected, from Figure 6.31, vehicle road clearance height had a large impact on the flow structures 
both locally within the wake and those transmitted downstream. These effects on the drag and lift 
coefficients were gradual as shown in Figure 6.30. The drag had decreased while lift of total-vehicle 
rose strongly with increase in clearance.  Wheel drag had decreased but its lift had increased with 
more clearance height. The wheel-housing lift had risen strongly but its drag was little affected by 
increased clearance.  
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Figure 6.31: Flow structures of time independent simulations for vehicle road clearance heights. 
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 6.4 Rear Wheel-Housing Parameters 
 6.4.1 Aerodynamic Effect of Rear Wheel-Housing Corner Fillet Fill 
 
Rear corner edge fillet 
 (R fill) 
 
Front corner edge fillet 
 (F fill) 
 
Front and rear edges fillet 
(FR fill) 
Side rear corner edge fillet 
 (SR fill) 
Side front  corner edge fillet 
 (SF fill) 
 
Side top corner edge fillet  
(ST fill) 
Figure 6.32: Fillet fills to the rear wheel-housing wall corners. 
 
Wheel-housing corner edges were filled with fillets and analysed for aerodynamic effects on wheel, 
wheel-housing and total vehicle body. Each fillet radius was varied up to 125R% from generic RMIT 
vehicle, with increments of 25R%, keeping the other parameters unchanged. Figure 6.33 shows data 
gathered for the changed wheel-housing shape with fillet filled corner edges.  
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Figure 6.33: Aerodynamic effects of fillet filling to the rear wheel-housing wall corners. 
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It appears from Figure 6.33 that for a vehicle with modified wheel-housing (fillet filled corners) in 
general increases drag and lift of the total-vehicle increase by nominal amounts for the amount of 
filling carried in this study. The wheel and wheel-housing are relatively unaffected by filling the 
corners. However, the side rear corner shows high impact of this filling, which increased drag greatly 
and lift by a significant amount. 
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Figure 6.34: Flow structures of time independent simulations for fillet filled rear wheel-housing wall corners. 
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6.4.2 Aerodynamic Effect of Rear Wheel-Housing Fillet Cover 
 
Rear fillet Cover 
 (R cover) 
 
Front fillet cover 
(F cover) 
 
 
Front and rear fillet cover  
(FR cover) 
Figure 6.35: Variations to the fillet cover plate on the rear wheel-housing. 
 
Wheel-housing corners were covered with fillet plates of 2mm thick and analysed for aerodynamic 
effects on the wheel, wheel-housing and total vehicle body. Each fillet cover plate radius was varied 
up to 125R% from that of the generic RMIT vehicle, with increments of 25R%, leaving the other 
parameters unchanged. Figure 6.36 shows results for the changed wheel-housings with fillet plate 
covered corner edges.  
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Figure 6.36: Aerodynamic effect of rear wheel-wheel housing fillet cover. 
 
It appears from Figure 6.36, that the vehicle with modified wheel-housing (fillet plate covered front, 
rear corners) in general experiences increased drag by a nominal amount and increased lifts by greater 
amounts for the extent of covering explored in this study. The wheel and whee-housings were 
relatively unaffected by covering the corners. 
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Figure 6.37: Flow structures of time independent simulations for fillet covers to the rear wheel-housing. 
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6.4.3 Aerodynamic Effect of Rear Wheel-Housing Corner Chamfer Fill 
 
Rear chamfer fill 
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Figure 6.38: Variations to the chamfer fill, with angle and length of chamfer as main parameters. 
 
Wheel-housing corner edges were filled with angled chamfers and analysed for aerodynamic effects 
on the wheel, wheel-housing and total vehicle body. Each chamfered fill was varied for lengths up to 
125R% of those of the generic RMIT vehicle, with increments of 25R% angled at 30o, 45o,60o as 
shown in Figure 6.38, keeping the other parameters unchanged. Figure 6.39 shows results for the 
changes in wheel-housing shape with angled chamfer filled corner edges. 
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Figure 6.39: Aerodynamic effects of chamfer filling inside the wheel-housing. 
 
Varying the wheel-housing shape with filled chamfered corners slightly increased the drag and lift in 
general but appeared that large changes occur in the flow structures both locally within the wake and 
those transmitted downstream. The effects on the drag and lift coefficients were gradual as shown in 
Figure 6.39.  
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Figure 6.40: Flow structures of time independent simulations for chamfer filled rear wheel-housing wall 
corners. 
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6.4.4 Aerodynamic Effect of Rear Wheel-Housing Chamfer Cover 
 
Rea chamfer cover plate 
(R cover) 
 
Front chamfer cover plate 
(F cover) 
 
 
Front and rear chamfer cover plate 
(FR cover) 
Figure 6.41: Variations to the angled chamfer cover plate on the rear wheel-housing. 
 
Wheel-housing corners were covered with angled chamfer plates of 2mm thick and analysed for 
aerodynamic effects on the wheel, wheel-housing and total vehicle body. Each chamfer cover plate’s 
length was varied by up to 125R% of that of the generic RMIT vehicle, with increments of 25R%, 
keeping the other parameters unchanged. Figure 6.42 shows results for the changed wheel-housing 
shape with fillet filled corner edges.  
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Figure 6.42: Aerodynamic effect of rear wheel-housingchamfer cover plate. 
 
 
                                                                                                                                                                                                Satya Prasad Mavuri 
 
Ph.D. Thesis                                                                                                                                                                                                        159 
It appears from Figure 6.42 that the vehicle with modified wheel-housing (chamfer plate covered 
front, rear corners) in general experiences increased the drag if the plate is placed on front side. The 
plates on the rear side decreased the drag slightly and did not affect the lift for the extent of filling 
considered in this study. The wheel and wheel-housing were relatively unaffected by covering the 
corners. 
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Figure 6.43: Flow structures of time independent simulations for rear wheel-housing with chamfer cover plate. 
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6.4.5 Aerodynamic Effect of Rear Wheel-Housing Angled Walls 
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 (RH) 
 
Rear  wall angled along  width 
 (RW) 
 
 
Front  wall angled along height 
 (FH) 
 
 
Front  wall angled along height 
 (FW) 
 
 
Side wall angled to rear 
 (LR) 
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Top wall angled to rear 
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Top wall angled from side  
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Figure 6.44: Angled rear wheel-housing walls. 
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Wheel-housing inner walls were angled from various sides as shown in Figure 6.44 and analysed for 
aerodynamic effects on the wheel, wheel-housing and total vehicle body. The angle of each wall was 
varied by up to 15-30o from that of the generic RMIT vehicle, with increments of 5o, keeping the other 
parameters unchanged. Figure 6.45 shows results for the changed wheel-housing shape with angled 
walls.  
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Figure 6.45: Aerodynamic effects of angled rear wheel-housing walls. 
 
It appears from Figure 6.45 that front and rear angled walls of the wheel-housing increase the drag and 
increase the lift of the total vehicle with rear wall slanting being more effective even in reducing the 
drag component of the wheel-housing. However, it was apparent that side and top angled walls 
increased the drag and decreased the lift except that the angled side front wall increased the lift.  
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Figure 6.46: Flow structures of time independent simulations for rear wheel-housing with angled walls. 
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6.4.6 Aerodynamic Effect of Rear Wheel-Housing Size - Gap around Wheel 
 
Front more, rear less gap  
 (F gap) 
 
Front less, rear more gap  
(R gap) 
 
More gap both front, rear 
 (FR gap) 
 
Side gap 
 (S gap) 
 
Top gap 
 (T gap) 
Figure 6.47: Variation of gap around the rear wheel and wheel-housing cavity. 
 
Vehicle wheel-housing size is an important factor which directly effects the wheel and wheel-housing 
flows and hence the aerodynamics of the overall vehicle. Each of the side walls (front, rear, side and 
top walls) were moved up to 10-20D% from their positions in the generic RMIT vehicle, with 
increments of 5R%, keeping the other parameters unchanged. Figure 6.48 shows results for the 
modified wheel-housing sizes, keeping the wheel and other body parameters unchanged. 
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Figure 6.48: Aerodynamic effects of gap around the rear wheel and wheel-housing cavity. 
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The results are consistent with Cogotti’s (1983) findings that the wheel-housing size should be smaller 
in order to reduce drag or lift. Either top or side gap reduced the lift. But keeping more gap to the front 
than the rear side of the wheel gave more reduction in the vehicle’s drag than keeping more gap to the 
rear side of the wheel, for similar reductions in the lift values. 
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Figure 6.49: Flow structures of time independent simulations for rear wheel-housing size. 
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6.4.7 Aerodynamic Effect of Rear Wheel-Housing Skirting 
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Front  wall skirt half width 
 (F wall) 
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Figure 6.50: Skirting to the rear wheel-housing geometry. 
 
Skirting is small plates of 2mm thick added to the side edges of the wheel-housing walls to alter the 
aerodynamic behaviour of the wheels. For the purpose of this study, various side edged plates were 
considered, as shown in Figure 6.50.  Wheel-skirting lengths were varied by up to 30R% of the generic 
RMIT vehicle wheel radius, with increments of 10R%, keeping the other parameters unchanged.  The 
results were analysed for aerodynamic performance of the wheel, wheel-housing and the total vehicle. 
Figure 6.52 shows results for the changes in skirting size.  
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Figure 6.51: Aerodynamic effects of skirting to rear wheel-housing. 
 
From Figure 6.51, it appears that skirts have a considerable effect on drag and lift of the total vehicle. 
They increased the wake generated by the wheel-housing walls, which immersed the wheel and in turn 
reducing the wheel effects.  
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Figure 6.52: Flow structures of time independent simulations for rear wheel-housing skirting. 
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6.4.8 Aerodynamic Effect of Rear Wheel-Housing Deflector 
 
Rear wall  deflector  
(R wall) 
 
Front wall  deflector  
(F wall) 
 
Side wall deflector 
(S wall) 
Figure 6.53: Wheel deflectors to the rear wheel-housing geometry. 
 
A deflector is a small plate of 2mm thick added to the side edges of the wheel-housing walls to alter the 
aerodynamic behaviour of the wheels. For the purpose of the study, various side edged plates were 
considered, as shown in Figure 6.53.  Wheel deflector lengths were varied by up to 20-30D% of the 
generic RMIT vehicle wheel diameter, with increments of 10D%, keeping the other parameters 
unchanged.  The results were analysed for aerodynamic performance of the wheel, wheel-housing and 
the total vehicle.         Figure 6.54 shows results for the changes in deflector size. 
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Figure 6.54: Aerodynamic effects of wheel deflectors of the rear wheel-housing. 
 
It is apparent from Figure 6.54 that a front wheel deflector had adverse effects of increasing drag and 
lift for the total-vehicle. A rear wheel deflector (mud flap) contributed to nominal increase in lift and 
drag. However a side deflector had little effect on the total vehicle lift, but it increased drag on vehicle 
by a significant amount.  
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Figure 6.55: Flow structures of time independent simulations for the rear wheel-housing deflectors. 
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6.5 Chapter Conclusions 
Aerodynamic performance of the generic RMIT vehicle, in reverse configuration, representing the rear 
wheel portion of a vehicle, was analysed for various parametric modification to wheel, wheel-housing 
and body geometries. Effects arising from changing the wheel configuration (size, width, toe/camber 
angle, location) and the body bumper (length, road clearance) were immediately apparent. Some of the 
changes to the wheel-housing cavity had no aerodynamic impact and therefore could be applied to 
achieve more working space around the rear wheels. These results are further summarised and 
discussed in Chapter 7. 
  
Because of the complexity involved and interdependence of parametric effects, the study has 
concentrated only on the individual parametric effects of wheel-housing along with wheel and body. 
The study has given a simple insight into the importance of wheel-housing geometry in further 
improving the aerodynamic performance of the total vehicle.  
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CHAPTER 7 
Results Summary and Discussion 
 
In this chapter, the effects of wheel and wheel-housing parameters on a generic vehicle body as 
described in previous chapters (Chapter 5 and 6) are summarised. The results are further used to show 
the trends of parametric variations, in order to assist in determining the critical locations of a wheel-
housing, wheel or body for reducing the vehicle drag and lift and to increase the effective use of the 
space available in and around the wheels.  
 
7.1 Front Wheel-Housing 
The aerodynamic effects of various parameters of wheel, body bumper and wheel-housing on a total 
vehicle are discussed in Chapter 6. Most of the parameters studied were shown to have either a 
positive or negative impact on the total vehicle drag and / or lift. To further summarise these effects, a 
simple rating system was followed by noting the slopes of each interpolated trend line.  
  
The rating scheme followed as  
S.
 
N
o
.
 
Slope of interpolated trend line 
Effective rating 
on drag, lift 
 
Comment 
1 Slope < -15.0deg Better + + Major positive aerodynamic effect 
2 Slope ≥ -15.0deg and slope < -0.5deg Good + Positive aerodynamic effect 
3 Slope ≥ -0.5deg and slope ≤ 0.5deg Minor 0 
Minor aerodynamic effect 
(can be followed for space savings) 
4 Slope > 0.5deg and slope ≤ 15.0deg Bad - Negative aerodynamic effect 
5 Slope   >   15.0deg Worse - - Major negative aerodynamic effect 
Tale 7.1: Rating scheme for aerodynamics effects of individual parameters. 
  
This scheme was applied to the aerodynamic trends observed in Chapter 5 for the front wheel portion 
of the vehicle. The results are summarised in descending order of drag and lift benefits to the total 
vehicle, as detailed in the following table.  
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Effect on  
aerodynamic drag 
Effect on  
aerodynamic lift Effect of front wheel portion  
modifications on total RMIT vehicle 
S
.
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t
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e
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W
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e
 Comments 
1 Body Body road clearance increase + +     + +     
2 More on front and less on rear  + +     + +     
Highly recommended for drag, lift reduction 
3 Less on front and more on rear 
 +    + +     
4 More on both front and rear 
 +    + +     
5 
Wheel clearance gap to 
the internal WH 
More on inside wheel-housing 
 +    + +     
Recommended for drag, high lift reduction 
6 WH deflector Front wall deflector 
 +     +    
7 Front wall skirt 
 +     +    
8 Rear wall skirt 
 +     +    
9 Front wall half-skirt 
 +     +    
10 Rear wall half-skirt 
 +     +    
11 Side front skirt 
 +     +    
12 
Skirting around the 
periphery of WH 
Sidetop skirt 
 +     +    
Recommended for drag, lift reduction 
13 Body bumper More front bumper depth 
 +      0   
14 Front fillet fill 
 +      0   
15 
WH fillet fill 
Siderear fillet fill 
 +      0   
16 WH 45o chamfer fill Front chamfer fill 
 +      0   
17 WH 60o chamfer fill Front chamfer fill 
 +      0   
Recommended for drag reduction 
18 Wheel Bigger diameter 
 +       -  
19 WH fillet fill Front and rear fillet fill together 
 +       -  
20 Front chamfer fill 
 +       -  
21 Front and rear chamfer fill together 
 +       -  
22 
WH 30o chamfer fill 
Siderear chamfer fill 
 +       -  
23 WH 45o chamfer fill Front and rear chamfer fill together 
 +       -  
24 Front and rear chamfer fill together 
 +       -  
25 
WH 60o chamfer fill 
Siderear chamfer fill 
 +       -  
26 Skirting around the periphery of WH Siderear wall skirt  +       -  
Recommended for drag reduction at cost of lift 
Table 7.2:  Summary of aerodynamic effects of front wheel portion on the total vehicle (continued).
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Effect on 
aerodynamic drag 
Effect on 
aerodynamic lift Effect of front wheel portion  
modifications on total RMIT vehicle 
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.
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 Comments 
27 Vertical shift up into cavity 
 +        - - Recommended for drag reduction at high cost of lift 
28 
Wheel location inside the  
WH Horizontal shift into cavity 
  0    +    Recommended for lift reduction 
29 Body bumper angle Front bumper angle 
  0     0   
30 Wheel frontside angle-in 
  0     0   
31 
Body bumper and side wall 
Wheel rearside angle-in 
  0     0   
32 Wheel Camber angle (- to +) 
  0     0   
33 WH 30o chamfer fill Sidetop chamfer fill 
  0     0   
34 WH 45o chamfer fill Siderear chamfer fill 
  0     0   
35 WH 60o chamfer cover Front chamfer cover 
  0     0   
36 Front height wise angled slant 
  0     0   
37 Front width wise angled slant 
  0     0   
38 Rear height wise angled slant 
  0     0   
39 Rear width wise angled slant 
  0     0   
40 Side lengthwise angled slant from front 
  0     0   
41 Side lengthwise angled slant from rear 
  0     0   
42 Side height wise angles slant 
  0     0   
43 Top lengthwise angled slant from front 
  0     0   
44 Top lengthwise angled slant from rear 
  0     0   
45 
WH slant 
Top height wise angled slant 
  0     0   
Space saving 
46 Rear fillet fill 
  0      -  
47 
WH fillet fill 
Sidefront fillet fill 
  0      -  
48 Front fillet cover 
  0      -  
49 
WH fillet cover 
Front and rear fillet cover together 
  0      -  
50 Rear chamfer fill 
  0      -  
51 
WH 30o chamfer fill 
Sidefront chamfer fill 
  0      -  
52 WH 45o chamfer fill Rear chamfer fill 
  0      -  
Space saving at cost of lift 
Table 7.2:  Summary of aerodynamic effects of front wheel portion on the total vehicle (continued).
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Effect on 
aerodynamic drag 
Effect on  
aerodynamic lift Effect of front wheel portion 
modifications on total RMIT vehicle 
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 Comments 
53 WH 45o chamfer fill Sidefront chamfer fill 
  0      -  
54 Rear chamfer fill 
  0      -  
55 
WH 60o chamfer fill 
Sidefront chamfer fill 
  0      -  
56 Front chamfer cover 
  0      -  
57 
WH 30o chamfer cover 
Front and rear chamfer cover together 
  0      -  
58 Front chamfer cover 
  0      -  
59 Rear chamfer cover 
  0      -  
60 
WH 45o chamfer cover 
Front and rear chamfer cover together 
  0      -  
61 Rear chamfer cover 
  0      -  
62 
WH 60o chamfer cover 
Front and rear chamfer cover together 
  0      -  
Space saving at cost of lift 
63 Wider wheel width 
   -     -  Lesser is better 
64 
Wheel 
Toe angle (- to +) 
   -     -  Toe-in is better 
65 WH fillet fill Sidetop fillet fill 
   -     -  
66 WH fillet cover Rear fillet cover 
   -     -  
67 WH 45o chamfer fill Sidetop corner chamfer fill 
   -     -  
68 WH 60o chamfer fill Larger sidetop chamfer fill 
   -     -  
69 WH 30o chamfer cover Larger rear chamfer cover 
   -     -  
70 WH deflector Bigger side wall deflector 
   -     -  
Not recommended 
71 Wheel gap More gap on top of wheel 
    - -  +    
Recommended for lift reduction at high cost to 
drag 
72 Body bumper More front bumper height 
    - -     - - 
Recommended to have less bumper clearance 
height 
73 WH deflector Bigger rear wall deflector 
    - -     - - 
Recommended to avoid the deflector to rear wall 
of wheel-housing / mud-flapper. 
Table 7.2: Summary of aerodynamic effects of front wheel portion on the total vehicle.
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The results summarised in Table 7.2 suggest that the wheel-housing size should be bigger for the front 
wheel area. Some findings contradict Cogotti’s (1983) findings, but it should be noted that the body 
used by Cogotti (1983), was significantly different shape. It is considered that the body used in this 
study replicated a real road vehicle including a better replication of differentiating between the front 
and rear wheel geometries. 
 
The key findings are: 
• Body road clearance has a major impact on the vehicle aerodynamic performance; 
• Gap around the front wheel, except on top will help to reduce the drag and lift values of the 
vehicle; 
• Front wheel deflectors are effective for reducing drag and lift, matching with tests shown by 
Dimtriou et al (2006); 
• Skirtings around the front wheel-housing are effective in improving the aerodynamic 
performance of the total vehicle; 
• It is recommended to have a larger wheel diameter to reduce drag but it would be at the cost of 
increase in the lift values;  
• It is recommended to have more body projected in front of the wheel and close to the road to 
have better effects on flow and aerodynamics from the wheel and wheel-housing on the total-
vehicle; 
• Fillet or chamfer fill to the front & top wall common edge and a side and rear common edges 
of the front wheel-housing are effective space savers with nominal increase in lift; 
• Moving the front wheel up into the wheel-housing cavity is effective for drag reduction 
however; there is a big penalty on lift values, whereas moving the wheel into the wheel-
housing cavity (lesser wheel-track) would help to reduce the lift at minor effect on drag values 
to the vehicle; 
• Front bumper side, bumper front angles or body side angle (on the main body to the rear side 
of the wheel) have minor effects on the overall aerodynamics of the vehicles; 
• Front wheel toe-in benefits the aerodynamics of the vehicle, whereas the camber has minor 
effect; 
• A thinner front wheel is a better selection for the aerodynamic performance of the vehicle; 
• Angled front wheel-housing walls have minor effect on the performance; 
• A rear wall wheel-deflector is not recommended for the front wheel-housing as it has major 
negative impact on the performance of the vehicle; 
 
Although the effects of various parameters has been studied individually, it is anticipated that the 
effects would be additive if applied to the total vehicle. 
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It was found that the front wheel-housing of the Honda insight vehicle, follows some of the trends 
observed here. As per http://en.wikipedia.org/wiki/Automobile_drag_coefficients, this vehicle is 
apparently one of the low drag vehicles. 
 
 
 
Figure 7.1: Wheel-housing designs showing the complexity and possible geometric variations  
 (1996-2000, 2-seater Honda Insight Coupe, http://automobiles.honda.com/). 
 
It was found that the Insight’s front wheel-housing has a front wheel deflector, lower front bumper, 
front and rear fillet cover, front and rear fillet fill, side wheel off angled wall and higher body 
clearance, which correspond to the front wheel aerodynamic effects summary table. 
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7.2 Rear Wheel-Housing 
The aerodynamic effects of various parameters of wheel, body bumper and wheel-housing on the total 
vehicle are discussed in Chapter 6. Most of the parameters have followed a trend to have either a 
positive or negative impact on the total vehicle drag and / or lift.  
 
The results are summarised in descending order of drag and lift benefits to the total vehicle, as detailed 
in the following table, with the same rating system as used in section 7.1, Table 7.1.  
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Effect on 
aerodynamic drag 
Effect on 
aerodynamic lift Effect of rear wheel portion  
modifications on total RMIT vehicle 
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.
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 Comments 
1 Wheel location Vertical shift up into cavity  +    + +     Recommended for drag, high lift reduction 
2 Body rear bumper More bumper length  +     +    
3 WH 60o chamfer cover Rear chamfer cover  +     +    
Recommended for drag, lift reduction 
4 Wheel Diameter  +       -  
5 Wheel gap Front and rear gap together  +       -  
Recommended for drag reduction at cost of lift 
6 Body More road clearance  +        - - 
7 Front wall skirt  +        - - 
8 
Skirting around the periphery 
of WH Front wall half-skirt 
 +        - - 
Recommended for drag reduction at high cost 
of lift 
9 Body bumper angle Rear bumper angle   0     0   Space saving 
10 Wheel frontside angle-in   0     0   Space saving 
11 
Body bumper and side wall 
Wheel rearside angle-in 
  0     0   Space saving 
12 Camber angle (- to +)   0     0   Space saving 
13 
Wheel 
Toe angle (- to +) 
  0     0   Space saving 
14 WH 45o chamfer fill Front chamfer fill   0     0   Space saving 
15 WH 60o chamfer fill Siderear chamfer fill   0     0   Space saving 
16 Front height wise angled slant   0     0   Space saving 
17 Front width wise angled slant   0     0   Space saving 
18 Rear heightwise angled slant   0     0   Space saving 
19 Rear widthwise angled slant   0     0   Space saving 
20 Side lengthwise angled slant from front   0     0   Space saving 
21 Side lengthwise angled slant from rear   0     0   
22 Side heightwise angles slant   0     0   
23 Top lengthwise angled slant from front   0     0   
24 Top lengthwise angled slant from rear   0     0   
25 
WH slant 
Top heightwise angles slant 
  0     0   
Space saving 
Table 7.3: Summary of aerodynamic effects of rear wheel portion on the total vehicle (continued).
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Effect on 
aerodynamic drag 
Effect on  
aerodynamic lift Effect of rear wheel portion 
modifications on total RMIT vehicle 
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.
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26 WH 30o chamfer fill Rear chamfer fill   0      -  
27 WH 45o chamfer fill Front and rear chamfer fill   0      -  
28 WH 30o chamfer cover  Front and rear chamfer cover    0      -  
Space saving at cost to lift 
29 Body bumper Higher rear bumper height    -  + +     
30 WH deflector Side wall deflector    -  + +     
Recommended for high lift reduction at cost to 
drag 
31 WH 30o chamfer fill Sidefront chamfer fill    -   +    
32 WH 45o chamfer fill Sidefront chamfer fill    -   +    
33 WH 60o chamfer fill Sidefront chamfer fill    -   +    
34 WH 30o chamfer cover  Rear chamfer cover    -   +    
35 WH 45o chamfer cover Rear chamfer cover    -   +    
Recommended for lift reduction at cost to drag 
36 Rear filler fill    -    0   
37 Sidefront fillet fill    -    0   
38 
WH fillet fill 
Sidetop fillet fill 
   -    0   
39 WH fillet cover Front fillet cover    -    0   
40 Front chamfer fill    -    0   
41 
WH 30o chamfer fill 
Sidetop chamfer fill 
   -    0   
42 WH 45o chamfer fill Siderear chamfer fill    -    0   
43 WH 60o chamfer fill Front chamfer fill    -    0   
Space saving at cost to drag 
44 Wheel gap More front and less rear    -     -  
45 Front fillet fill    -     -  
46 Front and rear fillet fill    -     -  
47 
WH fillet fill 
Siderear fillet fill 
   -     -  
48 Rear filler cover    -     -  
49 
WH fillet cover 
Front and rear fillet cover 
   -     -  
50 Front and rear chamfer fill    -     -  
51 
WH 30o chamfer fill 
Siderear chamfer fill    -     -  
Not recommended 
Table 7.3: Summary of aerodynamic effects of rear wheel portion on the total vehicle (continued).
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Effect on 
aerodynamic drag 
Effect on  
aerodynamic lift Effect of rear wheel portion  
modifications on total RMIT vehicle 
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52 Rear chamfer fill    -     -  
53 
WH 45o chamfer fill 
Sidetop chamfer fill 
   -     -  
54 Rear chamfer fill    -     -  
55 Front and rear chamfer fill    -     -  
56 
WH 60o chamfer fill 
Sidetop chamfer fill 
   -     -  
57 WH 30o chamfer cover Front chamfer cover    -     -  
58 WH  45o chamfer cover Front chamfer cover    -     -  
59 WH 45o chamfer cover Front and rear chamfer cover     -     -  
60 Front chamfer cover    -     -  
61 
WH 60o chamfer cover  
Front and rear chamfer cover  
   -     -  
62 WH deflector Front wall deflector    -     -  
63 Rear wall skirt    -     -  
64 Rear wall half-skirt    -     -  
65 
Skirting around the periphery of WH 
Side front skirt 
   -     -  
Not recommended 
66 Wider wheel    -      - - Leaner wheel is better 
67 
Wheel 
horizontal shift into cavity 
   -      - - 
68 Less front and more rear    -      - - 
69 
Wheel gap 
More side gap 
   -      - - 
70 Skirting around the periphery of WH Siderear wall skirt    -      - - 
Highly not recommended 
71 
Wheel gap More top gap 
    - -  +    
Recommended for lift reduction at high cost to 
drag 
72 WH deflector Rear wall deflector     - -     - - 
Recommended to avoid the deflector to rear wall 
of wheel-housing / mud-flapper. 
73 Skirting around the periphery of WH Sidetop skirt     - -     - - Highly not recommended 
Table 7.3: Summary of aerodynamic effects of rear wheel portion on the total vehicle.
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The results summarised above suggest a limited number of variables which can be used to improve 
aerodynamic performance and spacing around the wheels for vehicles in general. It is observed that the 
rear wheel is more sensitive to the variations in wheel-housing than the front wheel. 
 
The key findings are: 
• A smaller gap on top of the rear wheel or the wheel being shifted into the rear wheel-housing 
caving is the most effective way of improving the aerodynamic performance of the total 
vehicle; 
• More rear body bumper clearance is recommended for less drag and lift of the total vehicle 
with an exception to the influence road clearance had on lift; 
• Larger rear wheel diameter may improve the aerodynamic performance which coincides with 
Cogotti’s (1983) findings; 
• Skirting on the front walls is effective in reducing the overall drag but has a high impact on the 
lift of the vehicle. 
• Body road clearance has a major impact on the vehicle aerodynamic performance; 
• More gap around the rear wheel is not recommended which coincides with Cogotti’s (1983) 
findings; 
• Vehicle rear bumper angles have minor impact however it is recommended to have higher rear 
bumper clearance height to improve the lift characteristics of the vehicle with slight effect on 
the drag; 
• Rear wheel’s camber or toe position has minor impact on the performance of the total vehicle; 
• Angled walls inside the wheel-housing geometry have minor impact; 
• Chamfer and fillet fills to the walls have mixed effects on the performance of the vehicle. 
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7.3 Chapter Conclusions 
The effects of wheel and wheel-housing parameters (on both front and rear wheel portions) on a 
generic vehicle body are summarised and rated to a common scheme. This rating has provided an 
overview of the key parameters identifying key spots, locations of a wheel-housing, wheel or body to 
work on in reducing the overall vehicle drag and / or lift and to increase the effective use of the space 
available in and around the wheels.  
 
The investigation has provided more specific findings which have refined work of previous researchers 
on wheels and wheel-housings. This investigation has demonstrated the importance of wheel-housing 
shape to for the aerodynamic design of the main vehicle body. 
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CHAPTER 8 
Conclusions and Recommendations 
 
8.1 Conclusions 
The initial objectives were: 
• To determine the best practical testing method to simulate wheel rotation and moving ground 
effects cost effectively in a fixed ground facility (e.g. RMIT IWT); 
• To determine the best practical test model to simulate flow conditions of generic front and rear 
wheel portions of a vehicle. 
 
In determining the most suitable experimental technique for testing wheeled vehicles in a normal 
wind-tunnel (without any existing moving ground and rotating wheel facilities), there was a need to 
incorporate rotating wheel and moving ground conditions. The research had developed a novel, 
simple, patented concept, which works on a double symmetry principle. This technique was 
investigated with a well-known test model, the Ahmed body, in EFD and CFD. Similar flow structures 
and aerodynamic properties were found with the new concept.  
 
Previous work indicated that the front and rear wheel aerodynamic effects were independent of each 
other. A suitable test model was needed to enable to study both front wheel and rear wheel portions of 
a standard vehicle. Due to the practical constraints with size, scaling, complexity involved in 
modelling, testing and the inability to get detailed wheel-housing effects in existing reference bodies, a 
simple two wheeled RMIT body was developed based on the single wheeled MIRA body, keeping in 
mind the need to reproduce front and rear wheel effects and thus simplified aerodynamics of a normal 
four wheeled passenger car. 
 
This RMIT body was further used for benchmarking CFD simulations based on experimental tests 
using the double-symmetry wind-tunnel testing technique. The double-symmetry method was found to 
be feasible for measuring drag and offered advantages of replicating the moving tyre contact patch 
compared with other moving ground simulations. CFD computed values of aerodynamic drag 
coefficients were in the range of the experimental values and showed similar base pattern surface 
flows for a tested Ahmed body and for two-wheeled RMIT vehicles. It was concluded that the double-
symmetry concept could provide a solution for some vehicle rotating wheel and moving ground 
problems, with need of only a single split model, with relatively simple measurement mechanisms in 
any normal wind-tunnel.  
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However, the main draw backs include the transient transverse flows across the plane of symmetry 
(simulating the moving ground), the influence of ground boundary layer on the tunnel floor and 
sealing the gap around the body and the ground without significant influence on the force balance 
measurements.  
 
The final CFD model was used to achieve the remaining objectives of the research. These were: 
• To determine the aerodynamic forces and pressures in and around typical wheel-housings with 
rotating wheels and moving ground; 
• To determine the aerodynamic effects of a wide variety of different wheel-housing shapes on the 
wheel housing inner surface, and  
• To determine how the wheel-housing shapes influence flows for front and rear wheel positions of 
the vehicle. 
 
The literature reviewed in this thesis, in conjunction with the original research has resulted in the 
following conclusions: 
• It has been noted in many studies reviewed in the literature, and the current work, that the wheels 
and wheel-housings account for a significant amount of the total drag force acting on a modern 
passenger car; 
• Extensive experimental research reviewed in the literature and the flow visualisation from the 
current CFD work have shown the complexity of wheel-housing airflows and their relative 
importance to the aerodynamic performance of the vehicle; 
• The RMIT body has improved the replication of vehicle front and rear wheel areas over the prior 
work, thus leading to a greater understanding of the front and rear wheel-housing aerodynamics of 
a generic vehicle; 
• The simple parametric analysis carried out in this research on the two-wheeled RMIT vehicle has 
shown the importance and aerodynamic contribution of wheel and wheel-housing geometries            
(front and rear) to a vehicle;   
• CFD parametric tests revealed that the front wheel-housing is directly affected by the flow 
impinging onto the wheel and wheel-housing whereas the rear wheel-housing is sensitive mainly 
to the changes in wheel-housing geometry; 
• Wheel-housing shape modifications could further reduce or increase the drag and lift of the total 
vehicle by significant amounts. 
 
Since a large number of geometrical variations were studied the influence of specific practical changes 
in the wheel-housing area were summarised in a tabular form for consideration by the vehicle 
companies. 
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8.2 Recommendations 
As a result of experimental and numerical investigations, the following areas have been identified for 
further work: 
• The double symmetry concept offers a range of investigation possibilities relating to the effects of 
sealing and boundary layer on the contact patch around the model. Work around and behind the 
split bodies and wheel contact patch would be an interesting area to further improve the technique. 
A splitter plate along the symmetry plane in between the vehicle halves would be another option 
for investigating its effects in maintaining the transient flow symmetry while creating a ground 
plane behind the rotating wheels; 
• It would be useful to have a generic car shape with rotating front and rear wheels in order to 
evaluate the double symmetry technique against the moving ground techniques; 
• The research analysis has shown the importance of front/rear wheel-housing shape with respect to 
the aerodynamics of the total vehicle. A more realistic geometrical simulation with spokes, brakes 
and suspension mechanisms representing more closely a real vehicle would be ideal to investigate 
potential aerodynamic drag, lift savings and enable better space recovery from the wheel-housing 
area in future vehicles, and   
• CFD optimisation packages (e.g. AdvantageCFD) and design of experiments (e.g. Taguchi 
methods, Echip) would help to optimise the large number of geometric parameters in order to 
optimise the total drag and lift of the vehicle in a relatively simple and rapid manner. 
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Appendix A - Facilities 
 
A.1 RMIT Industrial Wind Tunnel  
The RMIT aero-acoustic industrial wind-tunnel is used for reduced scale-model testing. The RMIT 
industrial Aero-acoustic Wind-tunnel is a closed test section, closed return circuit wind-tunnel and is 
located at the School of Aerospace, Mechanical and Manufacturing Engineering. The wind tunnel is a 
closed-jet and fixed-ground type, having a 2m high, 3m wide and 9m long test section with a turntable 
to yaw suitable sized models. A single 7-blade fan of 5 m diameter drives the airflow through a 2:1 
contraction, giving a maximum attainable speed of approximately 145 km/h at the test section inlet. 
Acoustically treated turning vanes and a remotely mounted fan drive motor minimize the background 
noise and temperature rise inside the test section. The free stream turbulence intensity is approximately 
1.6%, which makes the tunnel suitable for various aerodynamic and aero-acoustic experiments.               
A plan view of the tunnel is shown in Figure A.1.  
 
 
Figure A.1: Industrial Wind Tunnel Layout, RMIT University. 
 
A.2 Force Balance – JR3 
The RMIT University Aeroacoustic Wind Tunnel 
currently possesses “JR-3” 6 components force balances 
to determine aerodynamic forces and moments. A 
suitable range balance was selected for this work and the 
calibration of teh system can be found in Appendix C. 
 
 
 
Figure A.2: JR3 force balance. 
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Appendix B: Test Model - Dimensions  
 
B.1 Ahmed Body 
 
 
 
 
Figure B.1: Ahmed body- 3D view. 
 
 
 
 
Figure B.2:  Split Ahmed body- test dimensions. 
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B.2 RMIT Body 
  
 
Rear 
 
 
 
 
Bottom 
 
Top 
 
Side 
 
 
Front 
 
 
 
Straight orientation 
 
Reverse orientation 
Figure B.3: RMIT body- views. 
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Figure B.4: Half RMIT body – test dimensions. 
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Appendix C: Calibration, Error Analysis 
 
C.1 RMIT University – Industrial Wind Tunnel Calibration  
The RMIT University Aero-acoustic Wind-Tunnel was calibrated for this work. Local pressures in the 
RMIT Wind-Tunnel were measured at the location where the model was mounted via a NPL modified 
ellipsoidal head pitot static tube, which was connected to a MKS Baratron reference pressure 
transducer. Dynamic pressure was measured from 150mm to 600mm in increments of 150mm from 
the tunnel floor thus covering the heights of the models used. The nominal tunnel air speeds were 30, 
40, 50, 60, 80, 100, 120 and 140 km/h.  The local velocity was normalised by dividing by the wall 
reference velocity and plotted against the height for 60, 100 and 140 km/h and is shown in Figure 
A.2.a. Figure A2.a shows that the local velocity does not vary significantly in reference to the tunnel 
wall-mounted reference velocity for the given speed. However, a small variation of normalised 
velocity can be seen near the tunnel floor, Figure A2.a.  No correction of velocity was deemed 
necessary as local flow velocity does not vary significantly with wall mounted reference velocity or 
height. The accuracy of the velocities measured with various speeds across the plane was estimated to 
be ±1.0%. Hence the tunnel reference velocity was used in the calculation of pressure coefficients.  
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Figure C.1: RMIT wind-tunnel calibration. 
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C.2 Test Setup Calibration and Sealing 
C.2.1 Calibration 
Experimental errors arise from the force balance and dynamic pressure measurements. Errors in the 
dynamic pressure measurements are considered negligible since a standard pitot-static tube was used 
which was linked to a recently calibrated Baratron reference pressure transducer having accuracy of 
0.05% full-scale. The JR-3 six component force balance used has a stated accuracy of 0.5% full-scale. 
The combined error in force measurements was approximately 2% for the force levels measured here. 
However the main errors associated with the force measurement could arise from the influence of 
sealing. 
 
 
Figure C.2: RMIT split body wind-tunne ltest arrangement -force balance calibration setup. 
 
The force balance was calibrated without and with sealing as shown in Figure C.3. As the chart paper 
offered negligible friction to the floor and the body, it was found that this particular sealing did not 
effect the calibration, where the difference was found to be less than 2% for the force levels measured. 
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Figure C.3: Force balance calibration without and with sealing. 
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C.2.2 Sealing Method 
The double symmetry technique has posed a challenge in measuring forces on the model only. 
Sufficient care was taken to match the bottom of the model assembly to the floor and maintain a small 
gap around the model and the tunnel floor, so that the model did not come in contact with the floor, 
enabling measurement of the forces on the model only so that aerodynamic behaviour of the body 
alone could be analysed.  
 
 
Figure C.4: Double symmetry wind-tunnel test arrangement - surface leak prevention. 
 
Sealing the gap around the test model and the tunnel was found to be necessary because of air leakage. 
Note that the RMIT Wind Tunnel normally has atmospheric static pressure in the test section (there is 
a breather slot at the end of the section). Several methods of sealing were investigated whilst 
attempting to have insignificant force interaction across this active / earth boundary. The best solution 
to minimize air leak through this gap was by a double seal mechanism achieved by a simple 
counterseal arrangement of chart paper, as shown below in Figure C.4. 
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C.3 Comments on Calibration and Accuracy 
As all experimental work in this research was conducted on scale models, experimental errors are 
discussed in the following sub-sections 
 
C.3.1 Wind-Tunnel Tests 
During the mean and fluctuating force measurements using the RMIT Aeroacoustic Wind-Tunnel, 
random errors may have occurred for a variety of reasons, including alignment errors and slow 
changes in tunnel speed. However, these errors can be assessed by the degree of repeatability. 
i. Repeatability of Results 
For each scale model test in the wind-tunnel, data were first acquired at zero speed before and 
after the test. This was to measure the noise in the measurement systems arising from electrical 
and electromagnetic influence due to wind-tunnel controllers and power supplies in the absence 
of “physical” inputs from the airflow to the transducers. Additionally, at each speed, signals 
were acquired several times to check repeatability. The typical repeatability of force coefficients 
was estimated to be ±0.5%. 
ii. Wind-tunnel Speed Errors 
During the tests, the air speed of the wind-tunnel as measured with a NPL modified ellipsoidal 
head Pitot-static tube connected to a MKS Baratron reference pressure transducer. The deviation 
of tunnel air speed measurements from nominal was less than 1%.  
iii. Wheel Rotation Errors 
During the tests, rotational speed of the wheels for the two-wheeled RMIT generic vehicle was 
measured with a non contact tachometer. The instrument was fixed inside the test body sections.   
Speed variations for wheel speed to match the wind-tunnel air speed were less than 2.5%.  
iv. Temperature and Pressure Errors 
Slow fluctuations of tunnel temperature and ambient pressure were accounted for in the data 
acquisition systems but additional corrections were not made for smaller testing periods. 
v. Alignment Errors 
Zero yaw angles were determined by aligning the scale on the turntable with existing markers in 
the flow. During the tests, the models were aligned for zero-yaw positions by aligning the 
models with the airflow and establishing insignificant side flow coefficients. Alignment errors 
were minimised while mounting the model and during data reading, equipment handling and 
setup. 
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C.3.2 Solid Blockage Correction 
In test section of a closed circuit wind-tunnel, the presence of the tunnel walls restrains the flow 
around the vehicle and reduces the area through which the air flows as compared to the free air 
condition on the road. By using the Continuity and Bernoulli’s equation it can be shown that the air 
velocity increases as it flows in the vicinity of the vehicle. This effect is called Solid Blockage, 
expressed as the ratio of the projected unyawed frontal area of a test vehicle to the area of the tunnel 
test section. However, due to lower blockage ratios for the tested models, the correction is not used.  
 
C.3.3 Conclusion in Relation to Errors 
After reviewing the relevant error estimations, it is concluded that none of the conclusions made from 
this work will be effected by instrumentation or procedural errors. 
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Appendix D: CFD Methods – RMIT Wheeled Body 
This section presents an overview of computational fluid dynamics (CFD) basics and various 
resolution, validation, domain size and turbulence modelling investigations to establish the capabilities 
of the computational software to contribute to an understanding of the flow dynamics of two wheeled 
RMIT vehicle. The sections in D.1 are adapted from the Fluent 6.1 user manual and also the Ph.D. 
thesis submitted by Johnson (2005). 
 
D.1 Numerical Methods 
Numerical experiments for this research where performed using the commercial computational fluid 
dynamics software FLUENT, version 6.1.22. This software utilizes this finite-volume approach to 
solve the Navier-Stokes equations. These commercial software packages are usually designed to 
handle three-dimensional complex geometries. Fluent uses triangular/ quadrilateral elements for two-
dimensional geometries, and tetrahedral/hexahedral/pyramid/wedge and mixed (hybrid) elements for 
three- dimensional geometries. Fluent is also able to simulate various physical phenomena such as 
inviscid, laminar, and turbulent flows, acoustical noise, compressible flow, multiphase flow and heat 
transfer.  
 
The finite-volume method uses a discredited domain consisting of small finite control volumes. In 
each finite volume, the governing equations are integrated, which leads to equations in terms of field 
quantities such as velocity and pressure defined at discrete points within the cell or on the cell faces. 
Integration of the second-order diffusion term only reduces the order of the derivative by one; hence a 
finite-difference approximation is often used to further simply the equations. The non-linear set of 
equations is solved using iterative methods, or by time stepping for unsteady problems. In general, the 
governing equation are the continuity equation, the momentum equation and the energy equation 
supplemented as necessary with other equations such as an equation of state. 
 
D.1.1 Continuity Equation 
The continuity equation states that the mass of a fluid is always conserved. This can be written in the 
following form: 
( ) ( ) ( ) ( ) 0==
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∂
∂
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∂
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z
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v
x
u
t
ρρρρρ              Eqn D.1 
where ρ  is the fluid density and u, v, w are the velocity components in their respective directions, x, 
y, z . For incompressible flow, the density of the fluid is constant so only the net flow of volume across 
the boundaries of the element needs to be considered as written in Eqn D.2: 
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D.1.2 Momentum Equation 
The Momentum Equation states that the rate of change of Momentum of a fluid parcel moving with 
the fluid equals the sum of external forces acting on the fluid parcel (Newton’s second law). The two 
types of forces on a fluid parcel are surface forces, which includes pressure and viscous forces, and 
body forces including gravity, and centrifugal and Coriolis forces (in a non-inertial frame). For the 
purposes of the numerical solution procedure, body forces are included as source terms in the 
equations and are handled separately. The three components of the vector momentum equation can be 
written as   
Mx
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where ijτ  are the viscous shear stress components in the i
th
 direction on the surface with normal 
direction j; u, v, w are the velocity components in their respective directions x, y, z; p is the pressure 
and S Mi  is the source term to represent the body forces. In addition, D/Dt is the total time derivative, 
including local and convective rates of change. 
 
D.1.3 Energy Equation 
The first law of thermodynamics sates that the change of internal energy of a fluid parcel is equal to 
the sum of the work done and heat added. 
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The first term is the rate of work done on the element by normal forces, the second term is the rate of 
work due to shear forces and the third term is the rate of heat addition to the element. The term S E
 
 
includes the effects of potential energy. This equation is not required for incompressible flow 
calculations. 
 
 
 
                                                                                                                                                                                                Satya Prasad Mavuri 
    
----------------------------------------------------------------------------------------------------------------- 
PhD Thesis    207 
 
D.1.4 Navier-Stokes Equations 
The governing equations contain the viscous stress components ( ijτ ) which need to be expressed in 
terms of other flow variables. For Newtonian fluids, the fluid is isotropic and the viscous stresses are 
proportional to the rate of deformation. The viscous stresses can be written as 
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where µ  is the dynamic viscosity and λ  is the second viscosity, usually approximated as 
µλ 32−= . For incompressible flow the second term in yyxx ττ ,  and zzτ are dropped as the 
volumetric deformation is zero due to volume conservation. When these expressions are substituted 
into the momentum equation (Eqn D.3), the Navier-Stokes equations result 
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These equation are often written in the simplified form 
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D.1.5 Integral Forms of the General Transport Equations 
The generalized form of the Navier-Stokes equations and the continuity equation is described in words 
by Versteeg and Malaskekera (1995) as 
 
Rate of increase of Net rate of flow of   Rate of increase of          Rate of increase  
φ   of fluid element    +  φ out of fluid        =  φ  due to diffusion    +   φ  due to sources element 
(Rate of change) (Convection)       (Diffusion)        (Source) 
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where φ  is a general variable that can represent u,v or w and for the continuity equation, φ =1.  
This is written as 
φφτρφρφ Sgraddivudiv
t
+=+
∂
∂ )()()(             Eqn D.8 
where τ  the diffusion coefficient and S isφ  is the source term. When the generalized equation is 
integrated over the control volume, this gives  
( ) ( ) ( ) ∫∫∫∫ +=+∂
∂
cvcvcvcv
dVSdVgraddivVudivdV
t
φφτρφρφ d           Eqn D.9 
 
D.1.6 Discretisation of Equations 
For the finite-volume method, it is necessary to discretise the equations in order that they can be 
solved using numerical methods. As a brief explanation of processes used, a steady one-dimensional 
convection-diffusion example will be used in the absence of sources.  
 
The momentum equations from Eqn D.3 can be simplified to 
( ) 


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=
dx
d
dx
d
u
dx
d φ
τφρ               Eqn D.10 
 
In addition, the continuity equation from Eqn D.2 reduces to  
( ) 0=
dx
ud ρ
              Eqn D.11 
 
With reference to the one-dimensional control volume in Figure D.1, consider node P. The 
neighbouring nodes are referenced relative to node P and are referred as the West and East nodes. The 
interface between the control volumes for the west and east face are labels w and e respectively.   
 
 
Figure D.1:  CFD control volume around node P for one-dimensional analysis. 
 
The momentum equation (Eqn D.10) and continuity equation (Eqn D.11) are integrated over the 
control volume to give: 
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( ) ( ) ,0=− we uAuA ρρ              Eqn D.13 
where A is the face area. By substituting F = ρ u for the convective mass flux per unit are and               
D = 
xδ
τ
 for the diffusion conductance at the cell faces, assuming the cell face area is a constant, and 
using a central-difference approximation for the derivatives, allows these equations to be reduced to 
( ) ( )wPwPEewwee DDFF φφφφφφ −−−=−           Eqn D.14 
.0=− we FF               Eqn D.15 
 
For a fluid solving the equivalent equation is non-trivial due to the lack of an explicit equation to 
calculate the pressure. Instead, pressure can be determined indirectly using the continuity equation 
since the pressure field is coupled to the velocity field. Fluent uses the well-established iterative 
solution scheme, SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithm of 
Pantakar & Spalding, 1974. In this procedure, an initial guess is made of the pressure field. The 
momentum equations are solved and then the continuity equations are solved to create an updated 
guess of the pressure field. This updated pressure field is used to update the velocity field and the 
process is repeated until continuity is satisfied. 
 
D.1.7 Turbulence  
For laminar flow, the Navier-stokes equations (Eqn D.7) completely describe the flow field and can be 
accurately approximated using the finite-volume method using only modest computational resources. 
However, most flows of engineering significance are turbulent, this being a critical feature of the flow 
field. The Navier-Stokes equations are also assumed to represent turbulent flows; however, in this case 
the flows are three-dimensional and time-dependent, and involve a large range of  spatial scales from 
the size of large-scale eddies, which depend on the largest features of the geometries involved, to the 
smallest scales, where coherent flow energy is dissipated as heat through viscous dissipation. Using 
direct numerical simulation (DNS) to simulate all length scales for high Reynolds number flows is not 
practical with computational resources presently available. In this section, a brief description will be 
given of turbulence modelling especially in the context of the finite-volume method. 
 
Above a critical Reynolds number, the flow field changes from smooth flow to one that is by nature 
random, chaotic and unsteady. For one modelling approach known as Reynolds-averaging, the flow 
field is decomposed into a mean value ϕ  and a fluctuating component ( )t'ϕ  so that ( ) ( )tt 'ϕϕ +Φ= . 
The men value is usually taken as time-independent; however, it is also possible for it to represent a 
mean value that varies in time but on a time-scale that is much longer than the fluctuation time-scale. 
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This approach is known as unsteady Reynolds-averaging, and when it is applied to the Navier-Stokes 
equation, the result equations are called the Unsteady Reynolds-averaged Navier-Stokes Equations 
(URANS). 
 
The turbulent fluctuations are three-dimensional in nature and are constructed physically of turbulent 
eddies with a wide range of length scales. The largest turbulent eddies are generated from the energy 
of the mean flow and are dominated by inertia effects. Due to their interaction with the mean flow, in 
general the large eddies are anisotropic. The smaller eddies are stretched by the larger eddies and the 
kinetic energy of the larger eddies is transferred to smaller and smaller eddies in an energy cascade. As 
a result, turbulent flow contains energy across a large range of frequencies/length-scales. The smallest 
eddy size is ultimately limited by viscosity and work is performed against the viscous stress resulting 
in flow energy loss through conversion to thermal energy. The energy cascade and the associated 
vortex stretching and turning mechanisms that transport energy through the scales, together with the 
increasing effects of viscosity, mean that the small eddies are isotropic. 
 
The effect of turbulence on the flow is included in simulations through the influence of correlations 
between fluctuating components on the mean flow properties. If ϕ  is taken as the flow property, the 
mean component of the flow can be taken as 
 
( )dtt
t
t
∫
∆
∆
=Φ
0
1 ϕ  or ∑
=
=Φ
N
i
iN 1
1 ϕ .           Eqn D.16 
Here the first expression defines an ensemble mean. The first approach is useful for time-steady mean 
flows and is the standard conceptual view employed in steady RANS turbulence modelling. The 
second expression represents a mean from a statistically-representative set (ensemble) of independent 
instantaneous measurements or experiments, possibly taken as the same phase of a slowly-varying 
mean flow, e.g., at the same phase in the shedding cycle for flow past a cylinder. This viewpoint is 
useful for such flows, in which the time-mean is not particularly representative of the flow at any stage 
of the cycle.  
 
For the time-mean, t∆  is taken so that it significantly exceeds the slowest variations in eddies, thus 
ensuring it should be adequate for time-averaged or steady state flows. Clearly in this case, the mean 
of the fluctuating component must be zero, 
( ) 01
0
''
=
∆
= ∫
∆
dtt
t
t
ϕϕ             Eqn D.17 
 
If we consider the continuity equation (Eqn D.2) and the Navier-Stokes equations (Eqn D.17), we can 
replace the mean velocity terms with the terms that include fluctuating components: 
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u=U+ u ' ; v=V+ v ' ; w=W+ w ' .           Eqn D.18 
 
The continuity equation becomes  
 div(U) =0,               Eqn D.19 
 
 Since div (u) =div (U), the momentum equations for incompressible flow become 
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      Eqn D.20 
These are referred to as the Reynolds Averaged Navier-Stokes equations (RANS) with the correlations 
between fluctuating components in the extra terms referred to as the Reynolds stresses. For turbulent 
flow, the normal stresses are non-zero since they contain a squared term and the shear-stress terms, 
i.e., the correlations between different velocity components, are usually much larger than the viscous 
stresses. 
 
D.1.8 Turbulence Models 
A number of different turbulent models have been proposed to tackle the problem of modelling 
turbulence while trying to keep the simulations from being too computationally expensive. The classic 
models used such as the κε  turbulence model and Reynolds Stress Model are based on the RANS 
formulation, while an alternative approach called Large Eddy Simulation (LES) uses space-filtered 
equations. As turbulence is unsteady, the LES turbulence approach accurately simulates the largest 
eddies since they have the greatest interaction with the flow, while the effect of the smaller eddies is 
modelled. Due to the unsteady nature of the LES model and the large meshes required, it is 
computationally expensive and at the present time has limited application for investigations involving 
large parameter-space studies. The three models considered for the investigations reported in this 
thesis were all RANS models: the κε  turbulence model, the kω  turbulence model, and the Reynolds 
stress model. 
 
D.1.8.1 κε Turbulence Model 
The κε  turbulence model is a two-equation model, which requires an equation for the kinetic energy 
of turbulence (κ ), and the rate of dissipation of turbulence (ε ). Compared with other models, the κε  
                                                                                                                                                                                                Satya Prasad Mavuri 
    
----------------------------------------------------------------------------------------------------------------- 
PhD Thesis    212 
 
model is quite stable and robust. It is semi-empirically based on experiments using high Reynolds 
number flows to determine the constants in the equations. 
 
The key assumption used in this model is that the Reynolds stress act to cross-diffuse (or transport) 
mass and momentum, similar to the role of the viscous stresses. Given this, it is tempting to assume 
that the turbulent stress can be expressed in terms of the mean flow gradient, as is the case for the 
viscous stress. Of course, the standard picture of turbulence in terms of interacting eddies makes this 
analogy somewhat questionable, especially at the larger scales. In any case, the κε  model uses this 
Boussinesq approximation, which proposes that the Reynolds stresses are linked to the mean rates of 
deformation as follows 
,
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where tµ  is the eddy viscosity, ijδ  is the Kronecker delta and k is the turbulent kinetic energy given 
by 
( ).
2
1 2'2'2' wvu ++=κ              Eqn D.22 
The eddy viscosity coefficient is chosen as 
ε
κρ µ
2
Cut =  on dimensional grounds with µC  assumed 
to be a constant. The standard κε  model uses the additional transport equations for κ  andε . 
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where  ;divUij =Ε  µC =0.99; kσ =1.00; ε1C =1.44; ε2c =1.92  
 
This is described in words by Versteeg and Malaskekera (1995), as  
Rate of        Transport of κ      Transport of κ  or Rate of        Rate of 
change         +      or ε  by         =    ε  by diffusion        + production of κ   - destruction 
of κ  or ε         convection                 or ε         of  κ or ε  
 
The realizable κε  model is a variant of the standard κε  model described above with two major 
differences. Firstly, the variable µC  is calculated from a formula 
ε
κρ µ
2
Cut =                           Eqn D.25 
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This is because in highly strained flows, the normal Reynolds Stresses can because negative which is 
unrealistic. The second difference is that the realizable c model uses different sources and sink terms 
in the transport equation for eddy dissipation. 
 
D.1.8.2 κω Turbulence Model 
The κω turbulence model was first proposed by Kolmogorov and later modifies by Wilcox which has 
become known as standard κω model. It is similar to the κε  model in that two additional equations 
are used for modelling turbulence. The first term is the kinetic energy of turbulence k and the second 
termω  is the rate of dissipation of turbulence per unit of turbulence kinetic energy ( )κεω ≈ . The 
main advantage over the κε  model is that this model is integrated down to the wall without the use of 
wall functions and has shown to be robust for a wide range of boundary layer flows under a pressure 
gradient. 
 
The standard κω model uses the additional transport equation for k andω . The turbulent kinetic 
energy equation is given by: 
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κωρβτ
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∂ fgradkdiv
t ijijk
t
                    Eqn D.26 
where  ∗β  and ∗Βf  are parameters that are a function of Re and the cross-diffusion parameter, kχ . 
The specific dissipation equation is given by: 
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σ
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βfgraddivt ijijk
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=
∂
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                     Eqn D.27 
where  α  and β  are parameters that are function of Re and the vortex-stretching parameter, ωχ . For 
the κω  model, the turbulent viscosity is given by: 
.
ω
κραµ ∗=t                            Eqn D.28 
where ∗α  is dependent on Re. 
 
A derivation of the standard κω  model is called the κω  Shear Stress Transport (SST) model 
proposed by Menter, (1994).The main differences being a modified turbulent viscosity formulation to 
account for the transport effects of the principal turbulent shear stress. A cross-diffusion term in theω  
equation and a blending function are added to change from the standard κω  model in the inner region 
of the boundary layer to a high-Reynolds-number version of the κε  model in the outer part of the 
boundary layer to ensure that the model equations behave appropriately in both the near-wall and far-
field zones. 
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D.1.8.3 Reynolds Stress Model 
One of the main limitations of the κε  turbulence model is that it assumes that turbulent viscosity is 
isotropic which is not realistic. The Reynolds stress model does not use of the Boussinesq 
approximation for the Navier-stokes equations but calculates the Reynolds stress individually. For a 
three-dimensional model, this equates to six additional transport equations long with the transport 
equation forε . This model has proven to be more realistic for flows under high strain rates. The 
equation governing the evolution of the Reynolds stress tensor R ij =
''
jiuu  is  
ijijijijij
ij D
Dt
DR
Ω+Π+−+Ρ= ε                         Eqn D.29 
where ijΡ  is the production term, ijD  is the diffusion term, ijε  is dissipation rate, ijΩ  is the rotation 
term and ijΠ  is the pressure-strain correlation. The production term is  
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The diffusion term assumes that the rate of transport of Reynolds stress is proportional to the Reynolds 
stress gradient, 
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where .0.109.0;
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The pressure-strain term is given by 
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where C1  =1.8 and C 2 =0.6. The rotational term is given by 
( ),2 jkmimikmimkij eReR +−=Ω ω                         Eqn D.33 
where κϖ  is the rotation vector. 
 
For three-dimensional flow, the six Reynolds stresses equations are solved along with the equation for 
the dissipation rate, which is similar to that used in the κε  turbulence model. The dissipation rate 
equation is  
,.2
2
21 k
CvCgradvdiv
D
D
ijijt
t ε
κ
ε
ε
σ
ε
εε
ε
−ΕΕ+





=                      Eqn D.34 
where C .92.1144 21 == εε andC  
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D.1.9 Wall Boundary Conditions 
Numerical simulations are significantly affected by the treatment of wall boundary conditions. For 
turbulence models, not only does the non-slip condition requirement have to be met, but walls are a 
source for turbulent kinetic energy and vorticity due to the large velocity gradients. 
 
Figure D.2: Turbulent profile taken from Fluent user manual 
 
In Figure D.2, the dimensionless velocity (u + ) is plotted against the log of the dimensionless wall 
distance(y + ) to outline the three main regions of the wall velocity profile. The dimensionless wall 
distance is given by: 
y
ρ
τ wp
v
y∆
=
+
,                          Eqn D.35 
where py∆  is the distance normal to the wall. The dimensionless velocity is calculated by: 
2
1






=
+
ρ
τ w
U
u
                           Eqn D.36 
There three regions are the viscous sublayer, the log-law region and the outer layer. In the extremely 
thin viscous sublayer ( ),5<+y  the shear stress is dominated by the viscous stress. In the log-law 
region ( )50060 << +y  where the viscous and turbulent effects are significant, the shear stress 
increases slowly with Py∆ . Finally in the outer layer, turbulent effects dominate the velocity profile. 
 
Two approaches are possible to model the near wall region. To reduce grid requirements, it is possible 
to model the viscosity affected region by using wall functions proposed by Launder and Spalding 
(1974). Instead of directly simulating the inner layer near the wall, the velocity profile is modelled 
using semi-empirical formulas. For wall functions to be valid, the first node away from the wall should 
be in the region of 30<y+<60.  Wall functions are not well suited to less than ideal flows such as for 
                                                                                                                                                                                                Satya Prasad Mavuri 
    
----------------------------------------------------------------------------------------------------------------- 
PhD Thesis    216 
 
severe pressure gradients or high three-dimensionality near the wall. The near-wall modelling method 
is to resolve the viscosity-affected region all the way to the wall, including the viscous sublayer. This 
requires a high local near-wall density grid so that the significantly varying velocity is resolved near 
the wall. For complex three-dimensional problems this may mean trading grid density in regions of 
interest against the increased grid density required at the wall. In Fluent, wall functions are referred to 
as the standard wall function (SWF) approach while near wall modelling is referred to as using 
enhanced wall functions (EWF).  
 
D.2 Geometry 
The half-portion of two wheeled RMIT generic vehicle geometry was used for numerical simulations. 
For reference, the coordinate system, unless otherwise stated, is as indicated in Figure D.3, with the 
origin at the centreline of the body along the floor plane, joining the centre of wheel contact patch. The 
X direction is referred to downstream or stream wise direction while the Z direction is referred to as 
the spanwise direction. The XY plane at Z=0 is referred to as the centreline. For analysis, drag and lift 
measurements were computed from different regions of the body. The three regions as indicated are 
the wheel, wheel-housing (front wall, side wall, rear wall and top wall) and total vehicle (which 
includes wheel, wheel-housing and rest of the body combined). Even though, a symmetry boundary 
condition was employed and only half the body is modelled, body forces are adjusted to reflect a full 
model. 
 
Figure D.3: Coordinate system and origin location used in the RMIT body CFD simulations.  
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Body front, rear, side, top bottom, wheel, wheel housing 
Figure D.4: Front whee- housing (straight orientation of the RMIT body) reference regions used for analysis.
       (For rear wheel-housing, similar reference with interchanged front and rear faces is used).   
 
 
 
 
 
 
 
 
 
Front wheel portion 
 
 
 
 
 
Rear wheel portion 
Figure D.5: Reference regions used for RMIT body CFD analysis. 
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D.2.1 Grid Setup 
The generation of efficient two-dimensional and three-dimensional meshes is a complex and difficult 
task. A number of steps were required to produce a grid for simulations. The pre-processor Gambit 
2.04, which is supplied with Fluent, was used for domain and grid generation. Instead of using the 
Graphical User Interface (GUI) to create the domain and grid, scripts were employed to automate grid 
generation using a parameterized model of the geometry. This was to ensure that different grids for 
different models were reproduced consistently. 
 
The biggest problem with meshing the model was to produce an efficient mesh, which captures the 
key flow structures while at the same time, ensuring the mesh size does not exceed the computational 
resources available. A tetrahedreral mesh with triangular prism elements on the surface of the 
geometry and ground to model the boundary layer was used to model RMIT generic vehicle. In 
general, tetrahedral meshes are good for capturing complex geometries and structures. For simple 
geometries, more elements are required for the same level accuracy compared with hexagonal 
elements. However, due to their unstructured nature, it was possible to expand cells in the far field 
where a dense grid is not required, allowing more cells in critical regions surrounding the geometry of 
interest. 
 
D.2.2 Mesh Generation Procedure 
The grid generation procedures for geometry creation, edge meshing, face meshing, and volume 
meshing and zone assignment will be discussed in the following sections. The procedure for grid 
generation is outlined in Table D.1. 
 
S.No. Step Description 
1 Geometry creation 
Import or draw the geometry for the simulation, creating 
faces and volumes 
2 Edge meshing Mesh the edges of the mesh controlling the edge density 
3 Face Mesh Mesh the surface face of the volume 
4 Volume Meshing 
For 3D models, the volumes are meshes using data from the 
edges and faces to control mesh density 
5 Mesh examination 
Check the mesh to ensure there are no highly skewed or large 
aspect ratio element s which could effect the simulation 
6 Zone Assignment Assign the boundary conditions to faces on the geometry 
7 Mesh export Export the mesh for computation in the solver 
Table D.1: Procedure for grid generation. 
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D.2.3 Geometry Creation 
An initial geometry to the dimensions was created in “Solid Works” modelling package and further 
utilising its moulding capabilities, an inner volume shell was created with the body, wheel being 
subtracted from a inner volume box. This box is imported into Gambit to combine into the outer 
volume. The domain was subdivided into two regions to control mesh density as indicated in Figure 
D.1 and are labelled the inner volume and outer volume. Various meshing densities were used in each 
of these regions to control the mesh density according to the gradients expected in the flow field. 
. 
D.2.3.1 Meshing 
Meshing the model required two steps: face meshing and volume meshing. The objective was to 
reduce overall mesh size, confine small cells to areas where they were needed for expected high 
gradients, remove grid discontinuities and avoid skewed meshes which decrease the accuracy of the 
mesh. Even though edge meshes was primary control of the overall surface mesh counts, it was 
decided to keep the edges of uniform spacing and vary the face mesh grading, as the RMIT body is of 
complex and having many critical edges, surfaces joining. 
 
Figure D.6: Surface meshes and boundary layers on the RMIT body - CFD model. 
 
D.2.3.2  Face Meshing   
A triangular face mesh was used on the surfaces of the body. On the sharp edges of the body corners, a 
finer grid was merged with the face mesh. As can be seen in Figure D.6, the face meshing near the 
centre of the side surface is quite coarse and increases in density near the edges. Sizing functions were 
employed to ensure the succession ratio was controlled to avoid mesh discontinuities. 
 
D.2.3.3  Boundary Layer  
Instead of using growing equal-angle tetrahedral volumes from the body surface, a layer of triangular 
prisms was used on the surface to model the viscous sublayer. The first node was placed at 0.0025 
non-dimensional units from the surface. The triangular face was extruded using SR=1.2 for 6 layers to 
create the boundary-layer prisms. The wheel contact patch and near corresponding floor were finely 
meshed. The tetrahedral meshes were defined in two major grid regions: the inner region and outer 
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region corresponding to the different volumes in Figure 3.4. The inner region consisted of small 
volume cells surrounding the body. The smallest grid spacing was on the slant surface where complex 
flow structures were expected. The grid density in the outer region was kept coarse to reduce the grid 
size. This was acceptable since the cell gradients were not high and the purpose of having a large 
domain was to limit blockage effects on the model. 
 
D.2.3.4  Zone Assignment 
The boundary conditions and zone assignments define the physical and operational characteristics of 
the model at its boundaries and within specific regions of its domain. The locations of the various 
zones are labelled in Figure D.4. On the vehicle body and wheel surface, a non-slip wall was specified. 
The velocity inlet boundary condition defines the velocity field at the inlet without specifying the 
stagnation pressure. Only the velocity scalar and turbulence intensity level were specified since the 
velocity vector is normal to the boundary plane. 
 
The outlet boundary is usually used in conjunction with the inlet boundary condition. This boundary 
was placed far downstream in a region where the gradient of the flow field was zero in the stream wise 
direction. The mass flux into the domain from the inlet velocity must be equal to the mass flux out of 
the domain through the outlet boundary condition for continuity to be satisfied. Since neither the 
velocity inlet nor the outflow boundary condition defines the pressure in the far field, the gauge 
pressure must be defined at a location in the domain. This was specified at a point with free stream 
conditions near the inlet boundary in the domain. 
 
The RMIT body, wheel and the ground were modelled using a wall boundary condition. For a non-slip 
wall, the parallel velocity and normal velocity must be zero. Moving walls were defined by specifying 
a value for the parallel velocity. To accurately model a vehicle moving down a road, the ground should 
be defined as a wall moving at the same velocity as the free stream. The symmetry boundary condition 
was used because the physical geometry of the RMIT body and the expected pattern of the flow 
solution, have mirror symmetry. It is a special situation of the wall boundary condition where only the 
normal velocity is set to zero.  
    
D.2.3.5  Model Setup 
As mentioned previously, the commercial software Fluent was used to conduct the numerical 
simulations on the RMIT body. Due to the complexity of the simulation program with such a vast 
number of parameters available for modification, a considerable time and effort was spent determining 
how different parameters affected the simulation results. In this section, the procedure for initializing 
the solution will be presented as well as the approach to determine convergence. 
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D.2.3.6  Model Initialisation 
To run and process the simulations, scripts were utilised to set-up and define the model to ensure all 
simulations had the same configuration. The procedure for initializing the simulation is outlined in 
Table D.2.  
 
S.No. Step Description 
1 Read mesh file Read in mesh file produced by Gambit 
2  Check grid 
Check the validity of mesh file and ensure that are no cells 
with a negative volume. 
3 Reorder domain 
Reordering the domain to improve the computational 
performance of the solver by rearranging the nodes, faces, and 
cells in memory 
4 Select node based gradient scheme 
Gradient scheme is changed from cell based gradient scheme 
to a node based gradient scheme. This is a feature that has 
recently been implemented and reduces diffusion in the model, 
especially in tetrahedral models. 
5 Set viscous model Set appropriate turbulence model for the simulations. More Details can be found in D.1.8. 
6 Change discretisation Scheme 
Change simulation from 1st order simulation to a 2nd order 
simulation after initial 500 iterations to speed up the 
convergence. 
7 Set the under-relaxation factors All parameters were set to default 
8 Define reference Pressure 
Location 
Define the location where the gauge pressure is zero. This is 
important for calculations have been specified. This point is 
located in the free stream away from boundaries. 
9 Define material properties 
Set the density and viscosity of the fluid in the simulations. 
This was set to the default values of air. 
Density=1.225kg/m3 
Viscosity=1.78940x10-5 kg/ms 
10 Set free stream velocity 
Set the bulk air velocity of the velocity-inlet boundary 
condition to 23.61m/s. Inlet turbulence intensity was set to            
1.6 % with 0.01m of turbulent length scale 
11 Set residual monitors Redefine residuals monitors to check for residual convergence 
12 Set Monitors 
Monitor body forces on wheel, wheel-housing and all other 
surfaces of the vehicle. Drag and lift data is collected for each 
iteration. 
14 Initialise the flow Initialise the flow from a predefined velocity vector. 
15 Write Case and Data file Write the case and data to a file for computation. 
Table D.2 Procedure for initializing the simulation. 
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D.2.3.7  Convergence Criteria 
The common practice to determine solution convergence for time-independent problems is to use the 
residuals, which indicate how well the solution satisfies the set of discrete equations during the 
iterative solution procedure. Using the residuals as the sole indication of convergence requires care 
because convergence criteria are set relatively high by default. Apart from this, in strongly time-
varying flows, such as flows involving vortex shedding, it is often difficult to get the residuals to 
decrease past certain limits without the use of extremely small under-relaxation parameters. This can 
slow down the solution process to unacceptable levels. As well as monitoring residuals, monitoring of 
the solution was also conducted using body forces since they provide a better indication of the 
behaviour of the flow field near the body. Drag and lift forces on the model were extracted at every 
iteration to monitor the simulation. For many simulations, the body force did not converge but 
oscillated about a mean value. In these situations, the simulations were stopped when the apparent 
mean body forces had reached a constant value. 
 
D.2.3.8  Turbulence Scheme.  
Due to computational memory constraints and the complexity of the mesh, it was only decided to 
evaluate couple of turbulent schemes that are most suitable for the flows involved with bluff bodies. A 
standard base model was run with the default flow parameters with moving ground and rotating wheel 
provisions. Turbulent schemes like Reynolds stress model, κω  standard wall treatment, κω  SST, κε  
RNG with enhanced wall treatment have failed to run due to limited machine computationally 
capabilities. Other models as tested have given a wide range of flow parameters, as indicated in the 
Figure D.7. 
 
Figure D.7: CFD turbulent scheme resolution studies on RMIT body. 
 
It is clear from the above plot, that κε  realisable turbulent scheme with enhanced wall treatment has 
given a stable CD of 0.560 which is about 1.5% off from experimental CD value 0.552 for the RMIT 
generic vehicle.  A typical residual plot is shown in the following figure. 
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Figure D.8: RMIT body CFD simulation - typical residual plot. 
 
D.2.4 Grid Resolution Study 
Due to computational memory constraints and the complexity of the mesh, it was not feasible to 
conduct a full grid resolution study for the entire domain. Instead, the mesh was subdivided into 
regions and the separate grid resolution studies were conducted in each region to determine the 
resolution required for grid independence. 
 
Simulations were conducted at Re=1.02x106(inlet velocity=23.6m/s) based on body length of 0.65m. 
Simulations were conducted using a κε -realisable turbulence model with enhanced wall treatment 
and velocity field was set to inlet velocity.  
 
An initial mesh was developed that was structured with high-density regions near the body, especially 
near the wheel, wheel-housing region. The flow structures and body forces gave a close approximation 
of the experimental results. This was used as the base mesh for the investigation to determine grid 
independence.  
 
The effect of domain size was examined by moving the outer boundaries and grid resolution was 
determined by varying the grid density in different regions. To check if grid independence was 
achieved, the parameter under investigation was stepped towards the most resolved solution. The drag 
and lift force were compared with those from the most resolved simulation. As the main aerodynamic 
parameter measured in wind-tunnel tests was drag, only drag is used as a deciding factor in this study. 
Each of the possible grid resolution parameter is changed with respect to the base parameter and if the 
drag is not varied by more than 1 % from the beast resolved simulation, the corresponding factor is 
incorporated into the simulation scheme and further resolution studies are conducted. It was proved to 
be continuous improvement in the resolution of the entire model.  
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D.2.4.1 Domain Resolution 
Outline in table 3.3 is the domain-size study for the domain cross-section to examine the effect of 
blockage. The domain size was decreased up to 2x2L but a 3x3 domain was found to be sufficient for 
the simulations. 
 
Cross section 5x5L 4x4L 3x3L 2x2L 
∆Drag 0.00% 0.81% -0.05% 5.42% 
Table D.3: Effect of domain cross section on force coefficient. 
 
The domain outflow position was placed 4 to 20L downstream from the origin.  As shown in Table 
3.4, the domain outflow position had negligible effect on the body forces. However, the domain 
outflow location was left at 8L to observe the structures downstream. 
 
Outlet location 20L 15L 12L 11L 10L 8L 6L 4L 
∆Drag 0.00% 0.65% -0.16% -0.57% -0.39% 0.05% -0.36% -0.65% 
Table D.4:  Effect of domain outflow location on force coefficient. 
 
The inlet velocity profile was varied between 4 to 8L upstream of the vehicle. For the simulations, the 
inlet profile was moved from 8Lto 6L upstream after this test. 
Inlet location 8L 7L 6L 5L 4L 
∆Drag 0.00% -0.39% 0.22% -0.25% -0.79% 
Table D.5: Effect of the inlet velocity location on force coefficient. 
 
D.2.4.2  Face Mesh Resolution 
All the edges are spaced at U=1 mm (or 0.00154L). A sizing function is used to reach a maximum cell 
size as specified in the following resolution studies. A reasonable drag difference of less than 1% is 
used to accept the maximum cell size to reduce the total grid count. 
 
As shown in Table D.6, for the front section face of the RMIT body, the face mesh spacing had a 
negligible effect on the drag till 5U. Final mesh spacing was changed from the reference mesh to 5U. 
  
Max cell size 2U 3U 4U 5U 6U 10U 
∆Drag 0.00% -0.12% -0.16% 0.55% -1.39% -3.90% 
Table D.6: Effect of surface mesh final spacing on front face on force coefficient. 
 
As shown in Table D.7, for the side section of the RMIT body, the side mesh spacing had a negligible 
effect on the drag till 5U. Final mesh spacing was changed from the reference mesh to 5U. 
Max cell size 2U 3U 4U 5U 6U 10U 
∆Drag 0.00% 0.15% 0.35% 0.46% -1.39% -1.44% 
Figure D.7: Effect of surface mesh final spacing on side face on force coefficient. 
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As shown in Table D.8, for the bottom section of the RMIT body, the side mesh spacing had a 
negligible effect on the drag. Final mesh spacing was changed from the reference mesh to 20U. 
 
Max cell size 2U 5U 10U 15U 20U 25U 
∆Drag 0.00% -0.33% 0.66% 0.65% 0.76% 0.76% 
Table D.8: Effect of surface mesh final spacing on bottom face on force coefficient. 
 
As shown in Table D.9, for the top section of the RMIT body, the side mesh spacing had a negligible 
effect on the drag. Final mesh spacing was changed from the reference mesh to 15U. 
Max cell size 3U 5U 10U 15U 20U 
∆ Drag 0.00% -0.43% -0.72% 0.84% 0.84% 
Table D.9: Effect of surface mesh final spacing on top face on force coefficient. 
 
As shown in Table D.10, for the rear section of the RMIT body, the side mesh spacing had a 
reasonable effect on the drag. Final mesh spacing was changed from the reference mesh to 15U. 
Max cell size 2U 5U 10U 15U 20U 
∆Drag 0.00% -0.23% -0.11% 2.09% 1.77% 
Table D.10: Effect of surface mesh final spacing on rear face on force coefficient. 
 
As shown in Table D.11, for the wheel section of the RMIT body, the side mesh spacing had a minor 
effect on the drag. Final mesh spacing was changed from the reference mesh to 10U. 
Max cell size 2U 5U 10U 12U 15U 
∆Drag 0.00% -0.29% -0.60% -1.22% -1.22% 
Table D.11: Effect of surface mesh final spacing on wheel faces on force coefficient. 
 
Wheel-housing section is the focus of the research. As shown in Table D.12, for the wheel-housing 
section of the RMIT body, the side mesh spacing had a significant effect on the drag. Final mesh 
spacing was not changed from the reference mesh level of 2U.  
 
Max cell size 2U 3U 5U 10U 
∆Drag 0.00% 1.54% -2.92% -6.04% 
Table D.12: Effect of surface mesh final spacing on wheel-housing faces on force coefficient. 
 
D.2.4.3 Volume Mesh Resolution 
The mesh density in the inner volume region, as described in Figure D.6 was examined to determine 
how it influenced the body forces. The mesh spacing on the ground surface was also investigated as 
part of above study. The cell size was maintained same as the volume mesh size.  The resolution study 
of the inner-region volume in Table D.13 showed that the mesh density had little influence on the 
body forces. 
 
Max cell size 25s 30s 40s 50s 75s 100s 
∆Drag 0.00% 0.65% 0.99% 1.25% 1.68% 1.68% 
Figure D.13: Effect of inner-volume mesh final spacing on force coefficient. 
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D.2.5 Final Scheme 
 
 
Figure D.9: CFD final test domain for RMIT body. 
 
 
S.No. Test domain conditions 
1 Solver Steady state – time averaged solver 
2 Model κε -realisable turbulence model with enhanced wall treatment 
3 Working fluid       Air 1.225kg/m3 density, viscosity 1.7894E-5kg/ms 
4 Inlet Velocity       Flow velocity of 85Kmph ~23.6m/s, 
1.6% turbulent intensity, 0.01m turbulent length scale 
5 Outlet    Pressure outlet, zero gradient in the flow direction for all variables 
6 Floor          Moving ground, matching inlet flow velocity 
7 Wheel    Rotating wheel at 1768.4 rpm matching road speed 
8 Far field               Symmetry condition 
9 Walls No slip condition 
10 Centre plane        Symmetric boundary conditions along the body, domain symmetry plane 
Table D.14:  CFD final test domain conditions for RMIT body. 
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The final domain conditions and size used for this study id outlined in Table D.15 and Figure D.9. 
 Second order solution discretization with default under-relaxation factors are used in simulating each 
test case. All residuals were monitored for 1x10-4 convergence criterion or till stable coefficients for 
more than 500 iterations were obtained.  It was found that the total cell count was about 2-2.8 millions. 
Aerodynamic parameters drag and lift were monitored at every iteration, but final values are found by 
averaging stable coefficients for final 50 iterations. 
 
CFD - Reynolds Number effects 
RMIT body normal configuration with rotating wheels
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Figure D.10: Reynolds number effects of CFD simulations on RMIT generic vehicle. 
 
 
An investigation on to the Reynolds number effects on RMIT generic vehicle has revealed that, the 
final model is insensitive to flow over the tested range. During this study, the road speed and 
corresponding wheel rotational velocity were matched to the inlet velocity.  The simulations were 
conducted to a maximum available wheel rotational speed of 1768.4RPM, 85km/h to a corresponding 
ReL of 1.02x106.  The differences in drag coefficient were found to be within 1% for the range of 
tested speeds.   
